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Figure 8.6: Change of average peak width (FWHM) of the quartz (101) 
reflection with pressure for fluorinert FC-70 during compression 
(a) and pressure release (b - with compression also shown). An 
increase in peak width was observed at about 0.85 GPa. The 
straight lines drawn between the points serve as a guide for the 
eyes. 356 
Figure 8.7: Change of average peak width (FWHM) of the quartz (101) 
reflection with pressure for fluorinert FC-70 during the second 
compression (a) and pressure release (b - with compression also 
shown). The increase in peak width on decompression was absent 
this time. The straight lines drawn between the points serve as a 
guide for the eyes. 356 
Figure 8.8: Change of average peak width (FWHM) of the quartz (101) 
reflection with pressure for fluorinert FC-40 during compression 
(a) and pressure release (b - with compression also shown). An 
increase in peak width was observed at about 1.5 GPa. The straight 






The research presented in this thesis focuses on the synthesis, characterization of 
several low and negative thermal expansion materials and the study of their high-pressure 
behavior as well as thermal expansion properties. The results of this work contribute to 
the understanding of the structure-property relationships in materials exhibiting negative 
thermal expansion, such as the mechanism of some pressure-induced phase 
transformations. It also explores possibilities to control the thermal expansion properties 
in some low thermal expansion phases. Finally, the present thesis contributes to the 
knowledge of the high-pressure research community through some challenging 
experimental work and a study of hydrostaticity of some widely used pressure media. 
In Chapter 3, pressure-induced phase transitions in materials of the Sc2W3O12 family 
are discussed based on in-situ high-pressure diffraction studies. An unusual “bulk 
modulus collapse” phase transition is seen in the compounds studied. The mechanism for 
volume contraction on compression is different from the mechanism for volume negative 
thermal expansion, and the degree of anisotropy is also different on compression then on 
heating. Some trends in the high-pressure behavior with the properties of the octahedral 
3+ cation are also discussed. 
Chapter 4 is an in-situ high-pressure combined x-ray diffraction and spectroscopy 
study of the mechanism of the pressure-induced amorphization (PIA) in cubic ZrW2O8 
and cubic ZrMo2O8 through following the changes in the local metal coordination 
environments on compression. The validity of some proposed mechanisms for the 
amorphization are examined and the differencies between the two compounds are 
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discussed. The driving force for the PIA seems to be either a kinetically hindered phase 
transformation to a high-pressure crystalline phase or a kinetically frustrated 
decomposition, or the combination of the two. To the best of our knowledge, this is the 
first report of a combined in-situ x-ray diffraction and in-situ x-ray absorption 
spectroscopic study under high pressure.  
Chapter 5 complements the results of Chapter 4 with a study of the pressure-induced 
amorphization in cubic ZrW2O8 and cubic ZrMo2O8 ex-situ through the examination of 
the local coordination environments in samples that had been previously amorphized and 
the recovered to ambient conditions. 
The possibility of stabilizing the low thermal expansion high-temperature structure in 
AM2O7 compounds to lower temperatures through a combination of cation insertion and 
substitution is explored in Chapter 6. Chemical modification through the method studied 
is not successful in stabilizing the high-temperature structure to around room 
temperature. 
In Chapter 7, we attempt to control the thermal expansion properties in materials of 
the (MIII0.5MV0.5)P2O7 type through the choice of the MIII and MV cations as well as 
through manipulating the ordering of the cations by different heat treatment conditions. 
Although controlled heat treatment conditions resulted in only short-range cation 
ordering, the choice of the MIII cation has an interesting effect on the thermal expansion 
behavior of the materials studied. 
Finally, in Chapter 8 we examine the useful (hydrostatic) pressure range of different 
grades of fluorinert as pressure-transmitting media. All of the fluorinerts studied became 
nonhydrostatic at relatively low pressures (~1 GPa). 
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1.1 Thermal expansion 
The thermal expansion behavior of solid materials is important in many industrial 
processes and other practical applications. Good control of thermal expansion can be 
crucial in precision positioning of, for instance, optical device parts and matching the 
thermal expansion of components that are bonded together. Thermal expansion is also 
closely related to the thermal shock resistance of materials. Materials with a high CTE 
show poor thermal shock resistance, as rapid heating or cooling can result in temperature 
gradients that will cause cracks. Due to their intrinsic nature, expansion coefficients will 
usually be different for any pair of materials. While differences in thermal expansion can 
sometimes be useful (e.g. thermostatic bimetals), different thermal expansion coefficients 
for two materials sharing an interface are in general a problem, as this can lead to cracks 
or separation at the interface. Highly anisotropic behavior (e.g. large difference in the 
expansion along the crystallographic axes) can also result in microcracks in 
polycrystalline bodies. Low thermal expansion coefficients as well as control of the 
thermal expansion are therefore desirable. 
Thermal expansion of solids is a physical property that depends on the nature of the 
interatomic potential. As two atoms are brought together, attractive forces dominate the 
overall potential energy of the system until their distance becomes too short and bonding 
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electrons cannot overcome the short-range repulsions. At this point, the potential energy 
increases. The interatomic potential function of a simple harmonic oscillator is shown in 
Figure 1.1. The attractive interactions lead to a decrease in the potential energy as the two 
atoms come close together and bond formation begins. The repulsive interaction of the 
electrons is reflected on the left side of the curve from the minimum and rising with 
decreasing interatomic distance. If the temperature of this system is increased from T1 to 
T2, there is no change in the average bond distance, R (indicated by the arrows) and thus 
no expansion is observed. 
     
 
Figure 1.1:   Potential energy diagram of a harmonic oscillator 
  
 However, in reality atoms vibrate in an anharmonic fashion. This anharmonicity is 
due to an asymmetric potential energy well. The variation of the potential function with 
interatomic separation for an anharmonic oscillator is represented in Figure 1.2. At one 
particular temperature T1, the intersection of the horizontal line with the curve marks the 
extreme values of the internuclear distance where oscillation energy is all potential 
energy. The midpoint of the line marks the average value. As the temperature is increased 
to T2, the average bond length shifts to larger distances due to the asymmetry of the 
potential well. This increase in the average bond length contributes to the thermal 
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expansion. The extent of the asymmetry is dependent on the bond strength in the region 
that is thermally sampled. A stronger bond results in a more symmetric potential well. 
This means a smaller bond expansion on thermal excitation for the stronger bond. 
 
Figure 1.2:   Potential energy diagram for an anharmonic oscillator 
 
In order to quantitatively measure and compare the extent of thermal expansion in 
solids, the thermal expansion coefficient can be calculated. This describes the 
dimensional change that occurs with a change in temperature at constant pressure. The 
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where L0 and L are the values of the lattice constant at temperatures T0 and T, 
respectively. In non-cubic materials, different values of α are usually observed for the 
different lattice constants. The volume coefficient of thermal expansion αV is defined as: 
    V




α = = ,     (2) 
where V is the volume and T the temperature. αV can be approximated as the sum of the 
α’s of the different lattice parameters: 
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αV ≅ αa + αb + αc     (3)  
This above summation can be confirmed by the following derivation. Let aT, bT and cT 
represent lattice parameters at temperature T and a0, b0 and c0 represent initial lattice 
parameters. If α, β and γ are the different thermal expansion coefficients associated with 
lengths a, b and c, then: 
aT = a0 (1 + αT) 
bT = b0 (1 + βT) 
cT = c0 (1 + γT) 
The volume at temperature T is defined by: 
VT = aT x bT x cT = a0 x b0 x c0 (1 + αT) (1 + βT) (1 + γT) = 
 = V0(1 + αT) (1 + γT + βT + βγT2) = 
 = V0(1 + γT + βT + βγT2 + αT + αγT2 + αβT2 + αβγT3) = 
 = V0[1 + T(γ + β + α) + T2(βγ + αγ + αβ) + T3(αβγ)] 





 = (α + β + γ) + 2T(βγ + αγ + αβ) + 3T2(αβγ) 
As the last two terms are generally considered negligible, the volume coefficient of 
thermal expansion can be approximated by the sum of the thermal expansion coefficients 
of each cell dimension. 
Thermal expansion is related to the anharmonicity of lattice vibrations as was 
illustrated by Figure 1.2. In the quasiharmonic approximation, which takes thermal 
expansion related to atomic vibrations into consideration, the contribution of each lattice 
vibration mode (phonon mode) of energy E to the thermal expansion is 1 i ViCKV
Γ , where 
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K is the bulk modulus, V is the unit cell volume, Γi is the mode Grüneisen parameter and 
CVi is the contribution of the phonon mode of energy E to the specific heat.1 This 








α = , (4) 
where B is the isothermal compressibility and V0 is the molar volume at T = 0 K.2 The 








Γ = − ,     (5) 
where ωi is the frequency of the ith mode and V is the volume.3 The molar specific heat at 
constant volume can be defined as the sum of the contributions of all the vibration 
modes: 
1
V i iC p CZ
= Σ ,    (6) 
where Z is the number of formula units per unit cell, pi is the number of phonons of 
frequency ωi and Ci is the specific heat contribution from a single mode of frequency ωi.3 
The contribution of each phonon mode to the thermal expansion is proportional to the 
positive specific heat via the Grüneisen parameter as shown in equations 4-6. Each mode 
has an independent Grüneisen coefficient. As the compressibility and the volume will 
always have positive values, the signs and magnitude of the Grüneisen parameters and 
thus the contribution of the associated vibrational modes to the overall expansion will 
determine the actual thermal expansion displayed by the material. Equation (4) also 
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illustrates that the expansion coefficient is not a constant, but can vary with temperature. 
As this variation is usually small, it is common to use average values of α for the 
temperature range over which the measurements were carried out. 
Materials can be arbitrarily classified into three groups based on their thermal 
expansion:2 
High Expansion Group: α > 8 × 10-6 K-1 
Intermediate Group:  2 < α < 8 × 10-6 K-1 
Low Expansion Group: α < 2 × 10-6 K-1 
From the perspective of the problems related to thermal expansion and in the context 
of the research described in the present thesis, the last group is the most interesting. 
Several families of low thermal expansion materials have been known for over 60 years. 
The earliest materials were based on the metal alloy Invar (Fe65Ni35), the oxides 
cordierite (Mg2Al4Si5O18) and zircon (ZrSiO4) as well as silica glass (SiO2).2 Later, in 
1948, low expansion materials β-spodumene (LiAlSi2O6) and β-eucryptite (LiAlSiO4) 
among the lithium aluminum silicates were discovered.4, 5 With the discovery of the NZP 
family (NaZr2P3O12, where Na and Zr sites can be substituted in a variety of ways) in the 
early 1980’s, which provided a new class of well controllable low α materials, interest in 
low thermal expansion materials became even greater.6 In Table 1.1, some important low 
expansion materials as well as their coefficient of thermal expansion (CTE) are listed. 
The low thermal expansion exhibited by the above materials can be attributed to 
different structural characteristics. In the next several paragraphs a brief discussion is 
given of the structural features responsible for their unusual thermal expansion behavior. 
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Cordierite, Mg2Al4Si5O18, is a low expansion silicate that has the beryl structure 
consisting of a flexible framework of rigid SiO4 and one AlO4 corner sharing tetrahedra, 
which are connected by additional AlO4 tetrahedra and MgO6 octahedra. It has been 
shown that it is the expansion of the Mg-O bonds in combination with the stiffness of the 
Si-O and Al-O bonds that leads to the contraction along the c axis, as the increase in Mg-
O bond distance pulls the sheets closer together (see also section 1.2.6).7 Its thermal 
expansion can be affected by substitution of other metals (e.g. Fe, Mn, Ga, Ge and Ca) 
into the structure.8, 9 
Table 1.1: Coefficient of thermal expansion of some low CTE materials2 
 
Material Average CTE (oC-1 x 106) Temperature range (oC) 
Beryl, Be3Al2Si6O18 2.0 25-1000 
Cordierite, Mg2Al4Si5O18 1.4 25-800 
PMN, Pb(Mg1/3Nb1/3)O3 1.0 -100-100 
β-Spodumene, Li2O⋅Al2O3⋅4SiO2 0.9 25-1000 
Ca0.75Sr0.25Zr4P6O24 (NZP) 0.6 25-1000 
SiO2 glass 0.5 25-1000 
Zerodur 0.12 20-600 
SiO2⋅TiO2 glasses 0.05-(-0.03) 25-800 
Invar 0.01 5-30 
NZP, NaZr2P3O12 -0.4 25-1000 
β-Eucryptite, Li2O⋅Al2O3⋅2SiO2 -6.2 25-1000 
     
In ferroelectric relaxor materials of the perovskite structure, e.g. Pb(Mg1/3Nb2/3)O3 
(PMN),10 in analogy to the magnetostriction observed in Invar and related materials, a 
mechanistically equivalent electrostrictive contribution is responsible for the expansion 
behavior. Perovskite ferroelectrics show a paraelectric-ferroelectric phase transition 
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brought about by the displacement of the octahedral B cation in the ABO3 general 
formula. Above their Curie temperature they are paraelectric, but at lower temperatures 
they become ferroelectric as the B cation is displaced from the center of the octahedron 
causing polarization. Due to a mixture of two or more cations on the same lattice site in 
PNM-type compounds, microcompositional inhomogeneities are present resulting in 
different Curie temperatures for different microregions and thus in a mixture of 
paraelectric and ferroelectric phases. The phase coexistence in the ferroelectric-
paraelectric transition region results in an electrostrictive contribution to the thermal 
expansion making it very low.11 
The expansion coefficient of Na1+xZr2P3-xSixO12 (NASICON) changes from strongly 
positive to slightly negative with decreasing x. This phenomenon reported by Boilot6 led 
to the discovery of the family of low expansion materials with NaZr2P3O12 (NZP) and 
CaTi4P6O24 (CTP) as the parent compounds. Their framework is composed of corner- 
sharing ZrO6 octahedra and PO4 tetrahedra, which form tube-like structures. The sodium 
ions occupy six-coordinated sites in the channels that result in face sharing of ZrO6 and 
NaO6 octahedra. Similarly to silicates, the polyhedra are rigid (both the Zr-O and the P-O 
bonds are strong), so that their expansion can be neglected over a large temperature 
range. As the Na-O bonds expand with increasing temperature, the tubes are stretched 
along the c axis but pulled together perpendicular to the c axis. This leads to an expansion 
along c and contraction along a and b. Na, Zr and P can be substituted by a variety of 
cations, which offers the possibility of tailoring the thermal expansion coefficients.2 
CaZr4P6O24 (CZP) and SrZr4P6O24 (SZP) show reverse anisotropy.12 While CZP 
contracts along a and b and expands along c, SZP shows the opposite behavior with 
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contraction along c and expansion along a and b. A 1:1 solid solution of the two materials 
could be synthesized that showed close to zero thermal expansion both along the a/b- and 
c-axes. Lattice dynamical calculations have shown that the behavior of all alkaline earth 
zirconium phosphates can be explained by polyhedral distortions resulting from coupled 
rotations of rigid PO4 and ZrO6 polyhedra.13 
The common structural feature of silicates and the different crystalline and 
amorphous polymorphs of silica are the SiO4 tetrahedra. The thermal expansion behavior 
depends strongly on these rigidly bonded SiO4 tetrahedra that are connected through 
corner sharing and form a flexible and open framework. α-Quartz, for example, shows 
highly anisotropic and positive volume expansion at all temperatures, while β-quartz has 
near-zero or even negative expansion coefficients.14, 15 Transverse vibrational motions of 
the oxygen atoms in the open framework structure shorten the Si-Si distances, 
counteracting the small expansion of the strong Si-O bonds.16 
The expansion coefficient of vitreous silica can be modified by the addition of other 
oxides to the glass. TiO2 lowers the CTE, resulting in strong negative expansion at low 
temperatures and near zero expansion at room temperature. This is the basis of Corning 
Glass Works’ Ultra Low Expansion (U.L.E.) titanium silicate, which is applied in optical 
mirror substrates.17 Zerodur, a glass-ceramic composite produced by Schott, consists of 
~30 % glassy phase of SiO2 and AlPO4, which exhibits low thermal expansion, and ~70 
% crystalline doped lithium aluminum silicate with a negative CTE.18 
In Invar, which is an iron-nickel alloy with an approximate composition of Fe65Ni35 
discovered in 1897,19 and other related materials, the anomalously low thermal expansion 
seen at temperatures below their Curie temperature has been attributed to a 
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magnetostrictive component in their expansion behavior. Due to compositional 
inhomogeneities on the micro-scale, thermal energy is absorbed in a transition process 
from the ferromagnetic state to a disordered non-collinear configuration that results in a 
magnetostrictive contraction, which counteracts the “normal” positive thermal 
expansion.20, 21 
The discovery of the lithia alumina silica (LAS) system was a milestone in the history 
of low thermal expansion materials. First, ultra-low thermal expansion was observed in 
β-spodumene (LiAlSi2O6),4 and later, it was reported that β-eucryptite (LiAlSiO4) and 
solid solutions of the two compounds showed negative thermal expansion.5 The 
expansion behavior of β-spodumene and β-eucryptite is a direct consequence of their 
crystal structures. β-spodumene has a three-dimensional aluminosilicate framework of 
corner sharing tetrahedra. The distribution of silicon and aluminum in the tetrahedra is 
random. The tetrahedra form five-membered rings that are connected by common 
tetrahedra. The lithium cations occupy the channels of the zeolite-like structure. The 
expansion behavior of β-spodumene can be explained by the strain present in the five-
membered rings. Thermal energy results in an increase of the Li-O distances and thereby 
in a puckering of the tetrahedra in the rings, which relieves the strain. This leads to 
expansion of the c-axis and contraction of the a and b axes due to reorientations of the 
tetrahedra.22 
The volume negative thermal expansion of β-eucryptite results from the spiral 
arrangement of its tetrahedral network. When the material is heated, the spirals are 
subject to a torsional stress due to the larger expansion of the Li-O bonds as compared to 
the Si-O and Al-O bonds. Contraction relieves the torsional stress. Another ways of 
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viewing this phenomenon are that the contraction is 1) due to a positive expansion of 
layers in the structure leading to contraction in other directions as in cordierite7 or 2) a 
dynamic disordering of the lithium cations, which change sites between tetrahedral and 
octahedral coordination.7, 22 
 
1.2 Negative thermal expansion 
Materials that display negative thermal expansion (NTE) are being investigated both 
because of technological interest and scientific curiosity. The technological interest arises 
from their potential applicability in composites, which may facilitate control of thermal 
expansion and allow the design of materials with specific expansion coefficients. 
Matching the thermal expansion of another device part can be important to avoid cracks 
or separation at interfaces between two materials, and zero expansion is needed when 
exact positioning of electronic or optical components in a device is crucial. NTE 
materials have, therefore, received considerable attention during the last years.7, 23-28 
The phenomenon that matter (gas, liquid or solid) expands when it is heated is 
considered common knowledge. It used to be taught in school as an empirical law of 
nature. However, it was found to be pseudo-knowledge when the first crystalline 
materials exhibiting negative thermal expansion (NTE) were discovered. The simple 
energy diagram in section 1.1 (see Figure 1.2), which provides a common view of 
thermal expansion as being positive, does not explain how some materials contract on 
heating. This highlights the nature of thermal expansion as being not so much a basic 
physical quantity as a material property. Other factors must be considered when trying to 
understand how negative expansion can occur. 
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As we have seen through the examples of low thermal expansion materials in section 
1.1, there are some general structural features that can be associated with compounds 
exhibiting low and negative thermal expansion, which include 1) strongly bonded 
polyhedra linked in three dimensions, 2) open, flexible structure, and 3) ferromagnetic or 
ferroelectric microdomains.2 Thus the linkages and rotations of the polyhedral network 
should also be examined when trying to understand bulk thermal expansion. An open, 
flexible framework of rigid corner sharing polyhedra is likely to accommodate transverse 
vibrational modes of the oxygen atoms, which can lead to a significant negative 
contribution to the thermal expansion if the Grüneisen parameters are large enough. It has 
been stated earlier that the signs and magnitude of the Grüneisen parameters and thus the 
contribution of the associated vibrational modes to the overall expansion will determine 
the actual thermal expansion of the material. It has been shown for several NTE materials 
including cubic ZrW2O8, HfW2O8 and ZrMo2O8 that the NTE behavior is driven by low-
frequency vibrational modes that are associated with large negative Grüneisen 
parameters.29-31 Also, dimensional changes induced by thermal energy can be somewhat 
compensated if a ferroic microdomain distribution tends to change with temperature. 
The “thermal anomaly of water” is probably the earliest observation of negative 
thermal expansion.32 Water has its highest density at 4 °C and therefore displays NTE 
between 0 and 4 °C. The first time that a solid was shown to contract on heating was in 
1907, during experiments on quartz, silica glass and some metals by Scheel. His 
measurements in liquid air and up to 100 °C revealed that both crystalline and glassy 
quartz have negative expansion coefficients at low temperatures.33 
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There are several materials that show NTE at low temperatures (e.g. Invar, SiO2 
glass) or over a narrow temperature range (e.g. water, Cu2O, ferroelectric materials 
around their phase transition). Some materials display anisotropic expansion behavior, 
they contract along one or two axes and expand along the other axes, which can give rise 
to both small positive and small negative volume expansion (e.g. NZP and Li-Al 
silicates). Most of these compounds have been discussed in section 1.1. 
Most of the research related to NTE materials have focused on materials that fall into 
the following five network types: the AM2O7 family,34-37 the AM2O8 family38-41, the 
A2M3O12 family,42-45 AO2 networks or framework silicates and aluminophosphates 
(zeolites)46-50 and AMO551, 52 networks. It should be noted that some MO3 network 
structures, which also consist of rigid, corner-sharing metal-oxygen octahedra, show very 
low thermal expansion especially relative to typical metal oxides. These materials have 
the cubic ReO3 structure53 and include NbO2F and TaO2F.54 While NbO2F shows positive 
expansion, the value of CTE for TaO2F is very small, it is of a magnitude comparable to 
experimental errors, therefore it cannot be stated with certainty if it exhibits NTE or not.54 
  
1.2.1 The AM2O7 family 
In cubic materials with the AM2O7 structure, the tetrahedral M cation can be P, V or 
As and the octahedral A cation can be Si, Ti, Ge, Zr, Nb, Mo, Sn, Hf, W, Re, Pb, Ce, Th, 
U or Pu.34 For M = V, only the Zr and Hf,34 for M = As, only the Zr and Th compounds 
are known.55, 56 Many of these compounds crystallize in the cubic space group Pa3 , and, 
hence, exhibit isotropic thermal expansion. Cubic ZrP2O7 and ZrV2O7 can be taken as 
prototypes for the behavior of many of these materials. They exist in a 3 x 3 x 3 
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superstructure with the same Pa3  space group at room temperature. This low temperature 
phase shows normal positive thermal expansion. Many of these materials undergo a 
phase transition on heating that involves the loss of this complex superstructure. The 
resulting disordered high temperature structure (see Figure 1.3) exhibits small positive 
expansion (low or low intermediate range) for most of the phosphates, only the uranium 
and thorium analogues show NTE in the high temperature phase.34, 35 The vanadates 
display strong NTE at high temperatures.57, 58 
 
Figure 1.3:  High temperature (ideal) crystal structure of ZrP2O7 in space group Pa3 . 
Bright: ZrO6 octahedra, dark: PO4 tetrahedra. 
 
The 3 x 3 x 3 superstructure was first reported in GeP2O759 and a model was first 
proposed for SiP2O7.60 Since then, it has been studied in many different compounds 
including ZrP2O7,35 TiP2O7,61, 62, GeP2O7,63 ZrV2O736, 37, 64 and HfV2O7.65 In the high 
temperature disordered structure, the pyrophosphate and pyrovanadate groups are 
constrained by symmetry to have unfavorable 180o P-O-P and V-O-V bond angles. The 
formation of the superstructure is driven by the tendency to avoid these linear P-O-P and 
V-O-V units as it allows most of these bonds to bend. The symmetry of the superstructure 
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as well as the static or dynamic disorder that leads to an average 180o bond angle have 
been studied by solid state NMR.61, 63, 66-69 In the case of, for instance ZrP2O770 and 
ZrV2O7,37 an intermediate incommensurate structure exists between the low temperature 
and high temperature forms. 
The thermal expansion behavior and control of thermal expansion in these 
compounds is discussed in detail in section 1.5 and Chapters 6 and 7. 
 
1.2.2 The AM2O8 family 
The report of negative thermal expansion in cubic ZrW2O8 over an extremely wide 
range (0.3 – 1050 K, see Figure 1.4)39 generated a large amount of recent research 
focusing on the properties of different NTE materials and the mechanism behind this 
unusual behavior. Cubic ZrW2O8 (or α-ZrW2O8) was first prepared in 1959.71 It is the 
only ternary phase that appears in the atmospheric pressure ZrO2-WO3 phase diagram.72, 
73 The material has been known to exhibit NTE over a smaller temperature range (50-700 
°C) since 1968.74 However, greater interest arose only after its crystal structure had been 






Figure 1.4: Isotropic negative thermal expansion in cubic ZrW2O8. Open circles are 
dilatometer, solid circles are neutron diffraction data. Taken from Mary et 
al.39 
 
The structure of cubic ZrW2O8 consists of corner sharing ZrO6 octahedra and WO4 
tetrahedra (see Figure 1.5). There are two crystallographically distinct WO4 units. Each 
ZrO6 octahedron is surrounded by six WO4 tetrahedra, while each WO4 is only connected 
to three ZrO6, leaving one terminal oxygen per WO4 unit. These polyhedra are rather 
rigid, while the open framework allows for vibrational motions of the bridging oxygens 
and rocking motions of the polyhedra. The intimate relationship between negative 
thermal expansion and lattice vibrational modes has been confirmed by Raman 
spectroscopic studies3, 31, low temperature specific heat measurements75 and phonon 
density of states (DOS) studies by neutron scattering76, 77 for cubic ZrW2O8. It was found 
from the temperature dependence of the lattice constants that the NTE originates from 
low-frequency vibrational modes,29, 78 which is also supported by the phonon DOS 
measurements. These low-frequency modes are inferred to be rigid, as the polyhedra 
remain mostly undistorted, and are called rigid unit modes (RUMs) (see section 1.2.6). 









Cubic ZrW2O8 is only thermodynamically stable at high temperatures, between 1380 
and 1530 K. It can be quenched to room temperature and remains metastable up to 1050 
K, where it decomposes to ZrO2 and WO3.39 It exhibits isotropic linear negative thermal 
expansion throughout its metastable temperature range. However, the expansion curve in 
Figure 1.4 shows a discontinuity around 430 K, which is due to a cubic-to-cubic phase 
transition (α- to β-ZrW2O8). The expansion coefficients are different below and above 
430 K (–8.8 × 10-6 K-1 and –4.9 × 10-6 K-1, respectively).38 The ordered acentric α-phase 
(that crystallizes in space group P213) becomes a disordered β-phase, which is 
centrosymmetric and has Pa3  symmetry. This reversible order-disorder phase transition 
and the orthorhombic form of ZrW2O8 are discussed later. 
Zirconium and hafnium molybdates have also been known for some time. Zirconium 
molybdates and zirconium molybdate hydrates have been studied as catalysts for e.g. 
oxidation,79 ion exchangers80 and fission products in nuclear reactors.81 However, until 
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1998, ZrMo2O8 has been known to exist only in a low temperature monoclinic form with 
space group C2/c82, 83 and a trigonal phase with space group P3 c.82, 84, 85 Neither of these 
polymorphs exhibits NTE. Cubic ZrMo2O8 was first prepared by our research group.40 
Like cubic ZrW2O8, cubic ZrMo2O8 displays NTE over almost its entire range of 
stability. However, unlike cubic ZrW2O8 it does not undergo reversible phase transitions 
at ambient pressure. The molybdate irreversibly transforms to the trigonal polymorph at 
about 400 oC. It adopts the β-ZrW2O8 structure below 400 oC. Its thermal expansion 
coefficient is very similar to that of β-ZrW2O8 (∼5 x 10-6 K-1 over the 11-573 K range).40 
The lack of any structural phase transition between 0 and about 673 K may be beneficial 
from the perspective of applications, as there are no associated discontinuities in the 
thermal expansion coefficient. 
 
1.2.3 The A2M3O12 family 
Another large group of NTE materials are the tungstates and molybdates in the 
A2M3O12 family (A = a variety of 3+ ions, M = Mo or W).42 There are several different 
structures known for these compounds.86-89 However, the orthorhombic Sc2(WO4)3 
structure (space group Pnca) is only found for A = Al, Sc, Cr, Fe, Y, In or the smaller rare 
earths from Lu to Ho and M = Mo, W. These orthorhombic materials show negative 
thermal expansion.25-28, 42-44, 90, 91 Sc2W3O12 consists of corner-sharing ScO6 octahedra 
and WO4 tetrahedra (see Figure 1.6).88 Each ScO6 octahedra is bound to six MO4 
tetrahedra and each MO4 unit is connected to four ScO6 units. It displays anisotropic 
thermal expansion with the a- and c-axes contracting and the b-axis expanding on 
heating. The contraction can be viewed as arising from a dynamic cooperative tilting of 
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the quasi-rigid polyhedral units that make up the framework.43 The cooperative rocking 
motion of the polyhedra will always result in a slight distortion of the polyhedra. As the 
M-O bonds are stronger than most A-O bonds, the distortion is expected to be larger in 
the octahedra. The changes of the expansion behavior with the A cation size are also 
intimately related to the Sc2W3O12 structure. The b axis tend to contract when Sc is 
substituted with an A3+ ion of larger size (e.g. Y, Lu, Er, Yb).44, 91, 92 With an increasing 
size of the A3+ cation, the thermal contraction along the b-axis becomes more negative.92 
The reason is that A2M3O12 compounds with larger A3+ ion size can be more flexible 
towards rocking motion of the polyhedra. The main force that keeps the polyhedra 
regular is the repulsive interaction between oxygens.93 This interaction becomes weaker 
as the size of the polyhedra increases. 
Several members of the Sc2(WO4)3 family have been shown to undergo a structure-
collapse phase transition to a monoclinic structure on cooling.86, 87, 89, 94, 95 The 





Figure 1.6:  Crystal structure of orthorhombic Sc2W3O12 (space group Pnca) viewed 
down the a-axis. The octahedra are ScO6 (brighter), the tetrahedra are 
WO4 (darker) and the tiny balls are oxygen atoms. 
 
It should be noted that the anisotropic thermal expansion behavior results in different 
values for the CTE when it is determined by different methods. Dilatometer experiments 
give systematically more negative values than diffraction, suggesting that there is an 
intrinsic and an extrinsic contribution to the negative thermal expansion.45 Due to the 
anisotropic expansion behavior, microcracks can develop during thermal cycling of the 
material leading to an extrinsic negative expansion that can change between cycles. This 
is a hindrance from the applications point of view as the thermal expansion behavior is 
not necessarily repeatable as temperature is cycled. 
 
1.2.4 The AO2 family of framework silicates and aluminophosphates 
A large number of zeolitic framework silicates and aluminophosphates are known. 
They consist of corner-sharing, almost rigid SiO4 tetrahedra or alternating AlO4 and PO4 
tetrahedra (see Figure 1.7). Their open framework structures consisting of rigid units, 
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make zeolites good candidate NTE materials. Many materials of this type have been 
reported to display NTE and theoretical investigations predict NTE for many zeolites as 
well as SiO2 and AlPO4 framework materials.46 Strong negative thermal expansion has 
been observed in, for example, siliceous faujasite,47 AlPO4-17,48 siliceous zeolites ITQ-1, 
ITQ-3, SSZ-23,50 as well as chabazite and ITQ-4.49 Chabazite was found to have one of 
the most negative CTEs known. Unlike other flexible framework structures (AM2O7, 
AM2O8 and A2M3O12 families), the above zeolitic materials display no obvious changes 
in average A-O-A or O-A-O bond angles with temperature. Based on this observation, it 
has been suggested that the vibrational motion of the oxygen atoms in zeolites are 
harmonic and dynamic, resulting in an overall decrease in A-A distances without time-
average bending the A-O-A angles.48 A recent pair distribution function (PDF) analysis 
of the structure of chabazite confirmed that it can be modeled as rigid polyhedra that can 
move in a way that causes the structure to contract.96 
 
Figure 1.7: The open framework structure of chabazite. The balls are oxygen atoms of 




Two characteristics of zeolites are that, 1) in addition to Si and Al, they contain 
extraframework cations in their channels and 2) they may absorb large amounts of water. 
The extraframework cations as well as the absorbed water can have a pronounced 
influence on the expansion behavior of the materials.47 For these reasons, study of their 
thermal expansion behavior is usually carried out on purely siliceous zeolites or 
aluminophosphates, where there are no extraframework cations. 
 
1.2.5 The AMO5 family 
In the AMO5 compounds, the A cation can be V, Nb, Mo, Sb, Ta and W, and the M 
cation can be P, V, As and Mo. This structure consists of corner-sharing AO6 octahedra 
and MO4 tetrahedra (see Figure 1.8) similar to the AM2O7, AM2O8 and A2M3O12 families 
of materials. The overall symmetries vary from tetragonal (e.g. A = V, Nb, Mo, Ta and 
W) to monoclinic (e.g. A = Nb, Ta, W).52, 97 Two high temperature phases of NbOPO4 
(tetragonal and orthorhombic, see Figure 1.8),51, 52 TaOPO4 and orthorhombic TaOVO498 
were found to display negative thermal expansion. 
        
Figure 1.8: Structures of the high-temperature tetragonal form (left) and the 
orthorhombic form (right) of NbOPO4 consisted of NbO6 octahedra and 
PO4 tetrahedra. Taken from Amos and Sleight.51 
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1.2.6 Mechanisms for NTE 
As is clear from the review of the different low thermal expansion materials in section 
1.1, the thermal expansion actually displayed by the material can be the result of different 
structural features. Consequently, several different mechanisms for NTE have been 
identified.25 It should be noted that, in the context of the below discussion, contraction 
along only one or two crystallographic axes not leading to a volume negative expansion, 
is also of interest. 
One mechanism pertains to ferroelectric oxides with the perovskite structure. NTE 
exists in e.g. BaTiO3 and PbTiO3 just below their tetragonal-to-cubic phase transition. In 
the low-temperature, tetragonal structure the TiO6 and BaO12 or PbO12 polyhedra become 
more regular with increasing temperature. Due to a decrease in anion-anion repulsion in 
the more regular polyhedra, the average metal-oxygen distances become shorter.99 The 
resulting thermal expansion along the a and b axes, and the contraction along the c axis 
gives a small volume contraction in the tetragonal structure.25 
NTE in the silicates cordierite (Mg2Al4Si5O18) and β-eucryptite (LiAlSiO4) as well as 
NZP (NaZr2P3O12) is caused by the normal positive thermal expansion of certain metal-
oxygen bonds.7 For cordierite and β-eucryptite, positive thermal expansion along axes a 
and b is coupled with NTE along c. On the contrary, for NZP, c-axis positive thermal 
expansion is coupled with contraction along the a- and b-axes. In these compounds, the 
thermal expansion of the Al-O, Si-O, P-O and Zr-O bonds are small enough to ignore. 





Figure 1.9: Schematic of the thermal expansion in cordierite networks. As the layers 
(of constant thickness l) undergo positive thermal expansion (a’ > a), they 
are pulled closer together (h’ < h). Taken from Sleight.7 
 
With the lengthening of the Mg-O bonds with temperature, there is an expansion only 
in the horizontal direction. Expansion in the vertical direction is inhibited by the cation-
cation repulsion across the shared edge. The thickness of horizontal layers does not 
change significantly as they expand laterally. A vertical contraction is caused by the 
horizontal expansion of the layers as schematically shown in Figure 1.9. In both 
cordierite and β-eucryptite, there are polyhedra within the layers that share only edges. In 
NZP, there is face sharing of ZrO6 and NaO6 octahedra along the c axis, forming tubes. It 
is the expansion of the Na-O distances that pulls the layers together in the other 
directions.24 
In the case of β-eucryptite and some members of the NZP family other factors should 
be considered as well for a complete picture on their thermal expansion properties. A 
third mechanism is based on the interstitial cations within the network changing sites as a 
function of temperature. Cation conductivity in these materials is significant, indicating 
reasonable cation mobility. Modeling studies have shown that the change in the 




The mechanism, which can be considered the most important one in open framework 
oxides exhibiting isotropic thermal expansion, is based on the transverse thermal motion 
of oxygen in M-O-M linkages (M = metal). This mechanism is relevant to basically all 
open framework oxide materials discussed in sections 1.2.1-5, where the oxygen is 
coordinated to just two metal atoms.24-26 Provided that the M-O bonds in the structure are 
sufficiently strong and therefore show insignificant expansion (the polyhedra are rigid), 
the average metal-metal distance will decrease as the bridging oxygen in an M-O-M unit 
vibrates with increasing amplitude (see Figure 1.10). In a three dimensional solid, each 
vibration will result in a rocking motion of the polyhedra that are connected by the 
respective oxygen. For NTE to occur, all polyhedra must tilt back and forth in a 
cooperative fashion. Figure 1.10 depicts an example of how such a cooperative motion 
can result in a reduction in the average metal-metal distances. 
 
      
Figure 1.10:  Transverse vibrational motion of an oxygen atom in a M-O-M linkage 
resulting in a decrease of the average metal-metal distance. A cooperative 
rotation of the polyhedra causes a decrease in the average metal-metal 
distances. Taken from Evans et al.27 
 
This mechanism has been proposed to be responsible for the NTE in many members 
of the AM2O7, AM2O8, A2M3O12, AO2 and AMO5 families of materials, where the 
following requirements are met: a) open framework structure, b) oxygen in two-fold 
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coordination, c) strong metal-oxygen bonds and d) rigid polyhedra that can freely tilt 
back and forth with little or no change in shape.24, 25 
From the lattice dynamics point of view, one has to consider lattice vibrational modes 
in the solid in order to understand NTE. Lattice vibrational modes, also called phonon 
modes, are cooperative vibrational modes of all atoms in a solid. If the polyhedra in the 
material are essentially rigid and they can rock back and forth without significant 
distortions or interference with other polyhedra, then low-energy vibrational modes may 
be present that can result in NTE.29, 39, 76, 77, 100-102 The observed thermal expansion of a 
material depends on the nature of the various modes present (sign of the Grüneisen 
parameter) as well as their energies, as only the modes that are excited at a given 
temperature contribute to the thermal expansion. The low-energy modes involving no 
polyhedra distortions (also called rigid unit modes) can exhibit negative Grüneisen 
parameters and may be excited at low temperatures. Negative Grüneisen parameters for 
these low-energy modes can result in a decrease in unit cell size, that is, NTE. Direct 
evidence for the role of low-energy modes in the NTE of cubic ZrW2O8 has been 
obtained from heat capacity,75 as well as phonon density of states measurements.29, 76 The 
low-frequency modes that actually contribute to the NTE behavior of cubic ZrW2O8 have 
been identified by high-pressure inelastic neutron diffraction77 and high-pressure Raman 
spectroscopic studies.3, 103 
 
1.2.7 Practical aspects 
Besides scientific curiosity, NTE materials are also being investigated due to 
technological interest. The technological interest in NTE materials is primarily due to 
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their applicability in composites with tailored thermal expansion. It has been 
demonstrated that the use of a composite containing a positive expansion material (e.g. 
Al2O3, SiO2, ZrO2, MgO and CaO) and an NTE material such as cubic ZrW2O8 or 
HfW2O8 can prevent undesired expansion of optical fiber gratings and compensate for the 
changes in the dimensions and refractive index of optical fibers.104, 105 The Cu/ZrW2O8 
composite may have high thermal conductivity and low thermal expansion at the same 
time.106, 107 The use of NTE materials in composites facilitates the control of thermal 
expansion.105 In principle, the overall expansion coefficient of a composite material can 
be precisely tailored to a specific expansion coefficient value. Zero thermal expansion 
composites are employed in optical mirrors (large mirror blanks for telescopes) as 
substrates. Low expansion ceramics are being used for their resistance to thermal shock. 
The cookware industry uses these glass ceramics for ceramic top kitchen appliances. 
Matching the thermal expansion of device parts is important in electronic and biomedical 
applications. There is interest in the electronics industry to tailor the thermal expansion 
properties of printed circuit boards and heat sinks to match those of silicon. Dental 
fillings need to have their thermal expansion coefficients matched to those of teeth. Some 
materials that display NTE down to very low temperatures can be used in low-
temperature sensing applications.28 
The most important characteristics for an NTE material to be widely applicable are: 
1) isotropic, preferably linear NTE over a wide temperature range including room 
temperature, 2) large range of stability (phase transitions on the application of 
temperature or pressure are undesirable, as is decomposition), 3) chemical inertness 
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(towards other materials in the composite) and 4) the possibility of cost-effective, large-
scale production. 
 
1.3 High-pressure studies of materials 
The desire to better understand geophysical/geochemical phenomena and to know 
more about the physical and chemical properties of the Earth’s crust as well as planetary 
materials led scientists originally to develop and utilize tools for high-pressure (and high-
temperature) research. This enables us to study the properties of Earth materials in the 
laboratory under high-pressure-temperature environments that can mimic the conditions 
of the Earth’s mantle and core as well as the interiors of other major planets. In general, 
high-pressure research can contribute to a better understanding of crystal chemistry and 
the structural principles underlying the solid state. Application of high pressures 
facilitates the synthesis of new materials that are not accessible through ambient pressure 
routes. Materials’ characteristics can be studied under variable pressure and temperature 
conditions and their properties can be tuned for specific applications. Finally, through 
mapping the P-V-T parameter space of the materials, their phase diagrams can be 
established, which may shed light on the existence or possibility of preparing new phases. 
The most important developments in the field of high-pressure science include: 
devices for the containment of pressure and the application of pressure to samples (multi-
anvil devices,108, 109 diamond anvil cells,109, 110 moissanite anvils,111 etc.), high-pressure 
measurement methods and tools (ruby fluorescence technique,112 other fluorescence 
sensors113) and the use of advanced light sources (synchrotron radiation, laser heating 
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techniques) for probing the structure and studying the properties of materials under 
extreme conditions on an atomic level. 
More and more effects of high pressure on materials have been observed and 
examined. The most studied changes include: structural phase transitions, shifting of 
vibration modes, band shape and intensity changes, splitting of degenerate vibrations, 
doubling of vibrations as well as changes in mechanical, electronic, magnetic and thermal 
properties.114 Some of these changes, such as phase transitions, changes in vibrational 
frequencies and in certain physical properties, can also be brought about by changing 
temperature. The present thesis discusses structural phase transitions in low and negative 
thermal expansion materials brought about by the application of pressure or temperature 
and the effect of the occurring phase transitions on the physical properties (structure, 
thermal expansion and applicability) of these materials. However, changes in the 
frequencies of some phonon modes with pressure also have a major role in the high-
pressure behavior of NTE materials as is discussed later in this chapter.3, 30, 77, 103, 115-119 
Pressure-induced structural phase transitions that are of interest in the current thesis 
include crystalline to crystalline phase transitions, when transformation to another 
crystalline polymorph with different symmetry occurs, and crystalline to amorphous 
phase transitions, when the material loses its long-range order.120 In crystalline to 
crystalline phase transitions the symmetries of the two phases usually have a subgroup to 
supergroup relationship and the low-symmetry structure can often be described as a 
distorted version of the high-symmetry structure.120 Structural phase transitions are a 
common feature of many framework materials. A classic example is the temperature-
induced α-β phase transition in quartz.121 
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1.3.1 Pressure-induced amorphization 
Pressure-induced amorphization (PIA) is a widespread and intriguing phenomenon, 
which occurs among framework structures. PIA can be defined as the formation of an 
amorphous phase by the application of high (static or dynamic) pressure. For some 
materials, the amorphization can occur on the decompression of a high-pressure 
crystalline phase. Since the discovery of the amorphization of hexagonal ice under 
compression,122 PIA has been extensively studied in different types of materials.123-132 
The first in-situ evidence of a crystalline to amorphous phase transition under high 
pressure was found for SnI4 by x-ray diffraction133 and Raman scattering.134 Given that 
PIA is of fundamental interest to naturally occurring processes, such as phase 
transformations in minerals, and with the growing number of compounds found to 
undergo PIA, research targeted at the understanding of the mechanism of the 
amorphization process has been widely pursued.125, 127, 128, 135-137 Sharma and Sikka 
outlined the following rules for pressure-induced crystalline to amorphous phase 
changes:127, 138 (1) The pressure-induced amorphous phase is a kinetically preferred one. 
It arises from the frustration of the parent metastable crystalline phase in transforming to 
the high-pressure equilibrium state due to the requirement of thermal energy to overcome 
the energy barrier; (2) The equilibrium phase is usually of higher coordination or is 
dissociated; (3) The structural frustration arises as, e.g. while achieving higher 
coordination, some of the non-bonded distances become too short and make a repulsive 
contribution to the free energy. Further compression results in the loss of long-range 
order by taking advantage of the enhanced entropy. 
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The models for PIA found in the literature generally follow two different levels of 
description of the phenomenon: thermodynamic models and structural (sometimes 
referred to as microscopic) mechanisms (see Figure 1.11).127  
Thermodynamically, the pressure-amorphized phase is often considered a metastable 
intermediate between two crystalline forms and is believed to be evolving as a result of 
kinetic hindrance of equilibrium phase transitions. If the kinetic barrier for the conversion 
of the low-density crystalline material to the amorphous form is lower than that for the 
transformation into the high-density crystalline form, then pressure-induced 
amorphization may occur.127 Other ways of viewing PIA from a thermodynamic point of 
view are as pseudo-melting (also called thermodynamic melting or high-pressure 
melting) of a crystalline phase,127, 129 dynamical lattice instability137 as well as (hindered) 
chemical decomposition.131, 136 There are several limitations to view PIA as a form of 
melting, which make pseudo-melting a model that is not generally acceptable.127 The 
material should have a melting curve that shows a negative trend with pressure. This 
means that at some pressure, the melting point would become lower than the temperature 
of the experiment and thus the material becomes a glass. The high-pressure amorphous 
phase of the material should have a structure similar to that of the usual glassy phases 
obtained by thermal quenching from the liquid phase. This is not satisfied for many 
known pressure-amorphized phases. Amorphous materials formed by compression are 
usually denser than those quenched at ambient pressure from melts, because they 
incorporate structural units with distorted shape and/or higher coordination numbers than 
those present in the melt-quenched glasses. A hallmark of phase changes under pressure 
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is that the decrease in volume is often accompanied by an increase in the average local 
coordination number of the atoms.139-142 
Due to the great diversity of the materials exhibiting PIA, numerous structural 
mechanism have also been proposed, some of which can be related and thus 
simultaneously applicable. Among the many structural factors considered as possible PIA 
mechanism, steric constraints preventing the formation of the high-density crystalline 
form,127, 143 and random packing of polytetrahedral units resulting in orientational 
disorder,126, 127, 144 have evolved into widely accepted structural models. The above 
models cannot always be viewed as explicit mechanisms, more than one mechanism may 
be simultaneously applicable. For example, the polytetrahedral model,144 which is based 
on the transformation of the original polyhedra to higher-coordination polyhedra for 
closer packing on pressure, may combine with the steric constraints model.127, 143 The 
latter mechanism is based on the argument that the shape of the rigid polyhedral building 
blocks may not favor close-packing and this leads to a destabilization of the crystal 
structure. The combination of these two mechanisms can be important in the 
amorphization of NTE materials, where the framework is composed of rigid polyhedral 
units. A reasonably realistic scenario is that the polyhedra may change their shape/distort 
a little bit initially (increase coordination), but further distortion at higher pressure results 




















Figure 1.11: General mechanisms for pressure-induced amorphization. 
 
Amorphization can be observed in-situ with a variety of structural probes such as x-
ray diffraction, Raman, IR, or Brillouin spectroscopies. In samples quenched down to 
ambient pressure, other methods, such a high-resolution electron microscopy may be 
used as well.128 However, it should be noted that as every technique probes a particular 
length scale (about 10 Angstroms and up for x-ray diffraction, less for Raman 
spectroscopy or still less for electron microscopy), thus detection of amorphization 
depends on the characterization tool used. The sample e.g. may be ordered at short length 
scales, while disordered at longer scales.145 Also, a seemingly amorphous material by x-
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ray diffraction may show nanocrystalline domains. For the purposes of the present 
research, by an amorphous material we mean that the material shows no sign of long-
range order by x-ray diffraction, i.e. it is x-ray amorphous. 
 
1.4 High-pressure behavior of NTE materials 
As discussed earlier in section 1.2, most NTE materials have framework structures 
composed of relatively rigid polyhedra. The forces that act within the polyhedral units are 
much stronger than the ones that act between them making the structure largely flexible.    
The flexible bond angles may vary on compression or heating without breaking of the 
bonds, which may result in transformations to a new phase. These flexible framework 
structures have relatively low density and thus some void spaces in them. The density of 
cubic ZrW2O8 in volume per formula units is 192 Å3 (d = 5.08 g/cm3). If ZrW2O8 was of 
comparable density to its binary oxides, then it would have a density of about 141 Å3 per 
formula unit based on the densities of the binary oxides ZrO2 (35 Å3/formula unit, d = 
5.89 g/cm3) and WO3 (53 Å3/formula unit, d = 7.16 g/cm3). Cubic ZrMo2O8 (190.3 
Å3/formula unit) is less dense than the most stable ambient pressure and temperature 
monoclinic polymorph (143.1 Å3/formula unit) (not an NTE material), which contains Zr 
and Mo with higher coordination numbers than those found in the cubic material.40 It is 
also less dense than trigonal ZrMo2O8 (173.8 Å3/formula unit).40 
NTE materials necessarily have some lattice modes that soften on volume reduction.3, 
77, 103, 115-119 The presence of these lattice modes is necessary, as such modes are 
responsible for the NTE behavior. High-pressure inelastic neutron scattering 
measurements revealed that low-energy phonons (below 8 meV) in cubic ZrW2O8 show 
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an unusual softening, i.e. decrease in frequency, on compression and this softening 
corresponds to large negative Grüneisen parameters.77 High-pressure Raman studies 
showed that phonons of higher energy (between 8-50 meV) also have negative Grüneisen 
parameters and thus contribute to the NTE in ZrW2O8,3, 103 
Due to the combination of their highly flexible framework structure, relatively low 
density and the presence of lattice modes that soften on compression, NTE materials are 
likely candidates to exhibit unusual high-pressure behavior. Volume-reducing phase 
transitions and/or amorphization can be expected to occur at relatively low pressures in 
NTE materials. 
These framework structures are generally quite soft, i.e., highly compressible. Low 
bulk moduli are common amongst NTE and related materials, for example cubic ZrW2O8 
(72.5 GPa by neutron diffraction),146 cubic ZrMo2O8 (44.6 GPa)147 cubic ZrP2O7 (39 
GPa),148 cubic ZrV2O7 (18 GPa)148 and cubic NbO2F149 (24.8(11) GPa), presumably 
arising from the low density and framework flexibility that is characteristic of them. For 
comparison, the bulk modulus of some non-flexible-framework materials; the metal 
oxide hematite (γ-Fe2O3): 203 GPa,150 body-centered cubic Fe: 165 GPa151 and magnesite 
(MgCO3): 117 GPa,152 softer materials include LiF: 65.3 GPa,151 NaCl: 25 GPa153 and 
CsCl: 18.1.153 
 
1.4.1 Pressure-induced crystalline to crystalline phase transitions in NTE materials 
Phase transitions at low pressures have been reported for many NTE materials (cubic 
ZrMo2O8,154, 155 cubic HfMo2O8,155 cubic ZrW2O8,3, 103, 146, 156-158 cubic HfW2O8,118, 159 
cubic ZrV2O7,160 Sc2Mo3O12,161 Sc2W3O12162 (this work) and Al2W3O12163, 164). In general, 
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these pressure-induced phase transitions involve tilting of rigid polyhedral units with a 
concomitant decrease in unit cell volume and lowering of the symmetry. Another very 
important characteristic of these phase transitions is that the linear thermal expansion 
coefficient exhibited by the ambient pressure structure can be changed significantly. In 
ZrW2O8, the cubic-to-orthorhombic phase transformation results in a reduction of the 
negative coefficient of thermal expansion by almost an order of magnitude.156, 157 In some 
materials with the orthorhombic Sc2W3O12 structure, NTE is likely to be lost completely 
in the monoclinic structure which is formed on compression.161-163 The monoclinic phase 
is known to show positive thermal expansion for compositions that adopt this structure at 
ambient pressure.94, 161, 163 This variation or loss of the NTE property on compression 
adversely affects their applicability in structural materials, as they may be subjected to 
high pressures during processing of composites with tailored thermal expansion.106, 107, 165 
 
1.4.2 Pressure-induced amorphization in NTE materials 
In addition to the softening of the low-frequency phonon modes, another possible link 
between NTE and PIA has been suggested some time ago. Theoretical simulations 
revealed that in tetrahedral networks showing NTE, such as ice and silicon, on 
compression, changes in bond angle that are not correlated over long length scales can 
lead to amorphization.135 This theory involving uncorrelated tilting of polyhedra was 
extended to NTE materials containing mixed tetrahedral-octahedral units as it seemed to 
be the operating mechanism that led to disorder in cubic ZrW2O8.166 PIA at low pressures 
were reported for many other NTE materials including ZrMo2O8,154 Sc2Mo3O12,167  
Sc2W3O12168 and Lu2W3O12.132 However, it is not clear whether the flexibility of their 
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frameworks and the corresponding ability of the polyhedral units to tilt freely on 
compression alone can be considered responsible for the PIA in NTE materials as there 
were observations of other possible mechanisms. In-situ neutron diffraction experiments 
on ZrW2O8 revealed an increase of coordination on compression, that is, the tungsten is 
4+1-coordinate in the high-pressure orthorhombic phase formed above 0.21 GPa.156 
Raman studies of ZrW2O8 were interpreted as indicating amorphization at 2.2 GPa due to 
a kinetically hindered pressure-induced decomposition into its constituent oxides.3, 103 
The preparation of a new ZrW2O8 polymorph with a cation-disordered α-U3O8-type 
structure by heating a pressure-amorphized sample under pressure suggests that the 
amorphization process may involve an increase in coordination number.169 The Zr and W 
cations in this structure display 6+1 coordination,169 indicating that the tetrahedral 
coordination of tungsten in cubic ZrW2O8 and the predominantly 4+1 coordination of 
tungsten in orthorhombic ZrW2O8156 is unstable at high pressure. 
In order to find direct evidence on the nature of the pressure-induced amorphous 
phase (cation coordination numbers, interatomic distances) and thus the mechanism of 
amorphization, in-situ studies carried out at high pressure using “local probe” techniques 
are indispensable. Investigation of the structure of glassy phases requires either “local 
structural probes” that are not sensitive to the extent of ordering or the utilization of more 
sophisticated scattering techniques. The need for in-situ studies has necessitated making 
the structural characterization techniques suitable for use at high pressure. The applicable 




1.5 Temperature-induced phase transitions in low and negative thermal expansion 
materials 
 
Temperature-induced phase transitions are commonly found in low thermal 
expansion and NTE materials. This has to do with their flexible framework structure 
where atomic displacements are feasible through small distortions of the polyhedra. 
Temperature-induced order-disorder phase transitions have been observed in cubic 
ZrW2O8,38, 39, 170-172 HfW2O8,38, 171 ZrV2O7,37, 64 HfV2O7,65 ZrP2O7,34, 35 TiP2O762 and other 
materials of the AM2O7 general formula.34, 35 
The α- to β phase transition in ZrW2O8 is a cubic to cubic transformation from 
acentric space group P213 to centrosymmetric Pa3  symmetry. It involves a 
rearrangement of the WO4 tetrahedra. A schematic representation of the inversion of the 
WO4 groups is given in Figure 1.12. The terminal oxygen, O4, is mobile at elevated 
temperatures. Migration of O4 from its original site to a vacant site is inferred to be the 
source of the disorder. This migration is then accompanied by the migration of oxygen 
atom O3 from tungsten W2 to the adjacent W1, and the concerted migration of W1’s 
original terminal oxygen. In the high-temperature disordered phase, the two tungstens 
become related to each other by an inversion center. The inversion center results in two 
possible sites for O4, both with only 50 % occupancy. This leads to disorder of the O3 




Figure 1.12:  Schematic representation of the inversion of the WO4 groups in α-ZrW2O8 
resulting in the disordered β-ZrW2O8. Taken from Evans et al.38 
 
The phase transition causes a discontinuity in the thermal expansion curve of the 
material (see Figure 1.4) and results in an increase of the coefficient of thermal expansion 
by a factor of two: CTE before the phase transition is ∼ -8.8 x 10-6 K-1 (0-400 K) and ∼ -
4.9 x 10-6 K-1 after (430-950 K).40 The isostructural HfW2O8 displays similar expansion 
and phase transition behavior.38 In addition to the second-order α-β phase transition in 
ZrW2O8, a first-order phase transition from the α- to a proposed γ-phase was also 
observed by power-compensated differential scanning calorimetry. It was claimed that 
the value of the CTE was more negative for the γ-phase, stable between 123 and 164 oC, 
than for the other two.173 
Most compounds of the cubic AM2O7 family show an order-disorder phase transition 
from a low-temperature superstructure to a high-temperature disordered structure as 
already discussed in section 1.2.1. This has practical importance as the high-temperature 
phase, as opposed to the normal expansion low-temperature phase, displays low thermal 
expansion in e.g. ZrP2O7,34, 174, 175 and the thermal expansion can even be negative in the 
cases of ThP2O7, UP2O7, ZrV2O7, HfV2O7.34, 57, 58, 174 
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Examples of temperature-induced displacive phase transitions are given by 
compounds of the A2M3O12 family. Several materials with the orthorhombic Sc2W3O12 
structure have been shown to undergo a volume-reducing phase transition to a monoclinic 
structure on cooling.86, 87, 89, 94, 95 These orthorhombic to monoclinic phase transitions can 
also be seen under compression for several members of the family. Heating or cooling 
under approximately constant pressure conditions can sometimes be thought of as 
decompression or compression, respectively, under constant temperature, although 
temperature and pressure are not fully interchangeable. The monoclinic structure does not 
show negative volume expansion,94 which has important implications with respect to the 
applicability of these materials in composites. These phase transitions are first-order. The 
high-pressure phase transitions of A2M3O12 compounds are discussed in detail in Chapter 
3.  
Reconstructive phase transitions are also known in some NTE materials. These phase 
transitions usually involve a major reorganization of the structure (breaking and 
formation of bonds) and are therefore generally irreversible. They usually constitute an 
abrupt change of structure and are first-order. The cubic to trigonal phase transition in 
ZrMo2O8 is an example of a first-order reconstructive phase transition. The trigonal 
(space group P3 1c)82, 84, 85 and the monoclinic (C2/c)82, 83 polymorph are 
thermodynamically more stable than the cubic (Pa3 ) one. The metastable cubic 
polymorph thus converts into the trigonal phase on heating at temperatures above 390 
oC.40  Ex-situ x-ray diffraction studies carried out on samples that were recovered from a 
high-pressure multi-anvil apparatus showed that by exposing the cubic phase to pressures 
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up to 4 GPa, the monoclinic phase can be obtained, which, at low pressures (< 1.3 GPa) 
is mixed with trigonal ZrMo2O8.154 
 
1.5.1 Control of thermal expansion by doping 
For compounds exhibiting low or negative thermal expansion in a phase that is only 
stable at high temperatures, there is a practical interest in lowering the temperature of the 
phase transition and thus stabilizing the low or negative thermal expansion structure over 
a wider temperature range, preferably including room temperature. One way to do this is 
by changing the chemical composition of the material through cation replacement or 
insertion. The widely used low thermal expansion ceramics β-eucryptite and β-
spodumene are basically stuffed β-quartz and keatite structures, respectively.176, 177 β-
quartz shows low thermal expansion, but it is only stable at high temperatures.178 
However, the replacement of some of the silicon with Li+ and Al3+ ions stabilizes the β-
quartz structure by suppressing its transformation to α-quartz, which shows normal 
positive thermal expansion. The resulting LiAlSiO4 compositions retain the β-quartz 
structure to low temperatures including room temperature and display low thermal 
expansion over a wide temperature range.178 
Solid solution formation in the ZrV2-xPxO7 and HfV2-xPxO7 systems has been reported 
to suppress the order-disorder phase transitions that are shown by the end-member 
phosphates and vanadates.34  For the mid region of the ZrV2O7-ZrP2O7 solid solution (x ≥ 
0.3), the phase transitions above room temperature were completely suppressed resulting 
in low thermal expansion around room temperature. Similar results were obtained for the 
system with the Hf-analogues. Two explanations are given for the depression of the 
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temperature of the phase transition. One considers it a normal solid solution effect 
analogous to freezing point depression. The disorder inherent in the solid solution 
interferes with the long-range cooperative forces required for the phase transition. 
Another explanation is supported by 31P NMR results: it reveals the prevalence of VPO74- 
groups in the ZrP2-xVxO7 system as opposed to a mixture of V2O74- and P2O74- groups 
when x is close to 1.0. The linear P-O-V linkage is not known as unstable relative to the 
instabilities of linear P-O-P and V-O-V linkages. Therefore, the depression of the phase 
transitions might also be due to the presence of the P-O-V bonds.34 
The temperature of the α-β phase transition in cubic ZrW2O8 was shown to decrease 
by the substitution of Zr4+ by Sc3+, In3+ and Y3+ ions.179 As the decrease was only seen in 
Zr1-xMxW2O8-y compositions, where M = Sc3+, In3+ or Y3+, and not in Zr1-xHfxW2O8 
compositions, it was argued that it may be caused by the decrease of ordering in the α-
phase due to the presence of oxygen defects. However, this study doesn’t really have 
significance from an application’s point of view, as the depression is relatively small 
(from ∼ 440 K to ∼ 360 K) and it is the α-phase that exhibits larger negative thermal 
expansion. 
The possibility of controlling the phase transition and thus thermal expansion in cubic 
ZrP2O7 through stuffing and substitution of the structure is discussed in Chapter 6. 
 
1.5.2 Control of thermal expansion by cation ordering 
The extent of cation ordering in a solid material can significantly affect its properties, 
such as phase transitions, thermal and electric behavior, etc. The influence of the ordering 
of MIII and MV cations on the ferroelectric properties has been shown in the perovskite 
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ferroelectrics PbIn0.5Nb0.5O3 (PIN)180-183 and PbSc0.5Ta0.5O3 (PST).184-188 For these 
materials, controlled slow annealing results in a long-range ordered arrangement of MIII 
and MV ions, while quenching from high temperatures locks in a disordered arrangement 
of the cations. By carefully chosen heat treatment conditions, the degree of cation 
ordering can be controlled. In fully ordered samples of PIN and PST, a well-defined 
paraelectric to ferroelectric phase transition was observed, but in the disordered samples 
only a very diffuse phase transition is seen.181, 182, 187, 188 As a result, the materials 
behaved as relaxors rather than normal ferroelectrics at low temperature.185 
Studies on how cation ordering can be influenced by heat treatment conditions and 
whether it can be used to control the thermal expansion properties / manipulate the phase 
transitions in ZrP2O7-related materials are discussed in Chapter 7. 
 
1.6 Goals/Overview 
The thermal expansion properties of solid materials are influenced by both pressure 
and temperature as they can induce crystalline-to-crystalline or crystalline-to-amorphous 
phase transitions. Furthermore, chemical substitution/doping can in principle be used to 
manipulate the thermal expansion properties. The present thesis discusses the properties 
of different low and negative thermal expansion framework structures in the context of 
modification by pressure, temperature as well as chemical substitution. We set out to 
answer specific questions such as: 
- How do different NTE materials with the orthorhombic Sc2W3O12 structure behave 
under pressure? How does their structure change and why? What material’s features 
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control the compressibility of these materials? Is there a trend in their high-pressure 
behavior with the identity of the A3+ cation? (Chapter 3) 
- What is the mechanism of the pressure-induced amorphization in compounds of the 
AM2O8 framework? What differences (if any) do we observe in the amorphization 
mechanisms of frameworks composed of different types of polyhedra? (Chapters 4 
and 5) 
- Can a combination of cation insertion and substitution be effectively used to stabilize 
the low thermal expansion high-temperature structure in AM2O7 compounds to lower 
temperatures? (Chapter 6) 
- Can cation order/disorder be influenced by heat treatment conditions in 
MIIIMV(P2O7)2 compounds? Can it be used to manipulate the phase transitions and 
thus control the thermal expansion properties of these materials? (Chapter 7) 
Additionally, in Chapter 8 we examine the utility of different grades of fluorinert as 
pressure-transmitting media. Fluorinerts have been widely used as liquid pressure-
transmitting media for high-pressure (neutron) diffraction studies). Hydrostaticity is a 
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CHAPTER 2  
 




2.1 Laboratory x-ray diffraction 
Laboratory x-ray diffraction was extensively used in the characterization of the 
compounds described in this dissertation. The following paragraphs give an overview of 
the equipment and software that were used for data collection and analysis. 
 
2.1.1 Powder x-ray diffraction at Georgia Tech 
Most of the laboratory diffraction data presented in Chapters 6 and 7 were collected 
on a Scintag X1 diffractometer with a Cu tube and a Peltier-cooled solid state detector. 
The variable temperature measurements made use of a Scintag High-Low temperature 
stage that allowed data collection between –196 oC (with liquid nitrogen) and 300 oC 
under vacuum (see Figure 2.1). In order to correct for small variations in sample height 
due to changes in the size of the copper-stainless steel block that supports the sample 
holder and possible changes in the thickness of the sample between runs, all the samples 
for variable temperature measurements were mixed with a silicon internal standard (Alfa 
Aesar, Ward Hill, MA). The position of the strongest reflection for silicon was used for 
initial adjustment of the sample height at room temperature. In order to suppress the 
correlation between the sample height and the lattice constants of the sample in Rietveld 
refinements, the lattice constant of the standard was fixed at a value expected for each 
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temperature and the sample height for the standard and sample phases were constrained 
to be identical. 
  
Figure 2.1:  Experimental setup for variable temperature x-ray diffraction and the 
assembly of the high-low temperature stage. Taken from Lind.1 
 
Some of the variable temperature measurements in Chapter 7 were carried out on an 
X’Pert PRO MPD diffractometer from PANalytical in the X-ray Analysis Group, 
Materials Science and Engineering, Georgia Tech. The PANalytical instrument’s parallel 
beam configuration (PreFIX optics) with 0.04 degree Soller slits on the incident beam 
side and 0.09 degree parallel plate collimators on the diffracted beam side is very useful 
for variable temperature measurements due to its insensitivity to sample height variations. 





Figure 2.2: The Anton-Paar HTK1200 furnace. Taken from 
http://www.dur.ac.uk/john.evans/webpages/lab_xray_images.html. 
 
2.1.2 Powder x-ray diffraction at Oak Ridge National Laboratory 
Variable temperature x-ray diffraction experiments were carried out at the High 
Temperature Materials Laboratory, Oak Ridge National Laboratory (Oak Ridge, TN) on 
a Philips X’Pert PRO MPD x-ray powder diffractometer equipped with a high count rate 
proportional detector and an Anton-Paar XRK900 high-temperature stage. Polycapillary 
lens optics and parallel plate collimator with soller slits were used on the incident and 
diffracted beam sides, respectively. This configuration helped to eliminate the problem of 
the variation of sample height with temperature. 
 
2.1.3 Single crystal diffraction at Virginia Tech and the Bayerisches Geoinstitut 
The high-pressure single crystal x-ray diffraction measurements that constitute the 
basis of Chapter 8 were carried out on two Huber four-circle diffractometers with 
Eulerian-cradles, one at Virginia Tech (Blacksburg, VA) and one at the Bayerisches 
Geoinstitut (Bayreuth, Germany). The latter measurements were carried out by Ross J. 
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Angel, our collaborator on the work presented in Chapter 8. The physical parameters of 
the two diffractometers are very similar,2 and described in detail in Chapter 8. These 
instruments are optimized for extremely precise measurements of lattice parameters at 
high-pressures in diamond-anvil cells.3 The diffractometers were equipped with an 
unfiltered Mo sealed-tube X-ray source (Mo Kα radiation, 50 kV, 40 mA) without a 
monochromator to provide clean, stable and reproducible peak-profile shapes. 
 
2.2 Synchrotron radiation and synchrotron x-ray diffraction 
Synchrotron radiation is in many cases preferred over laboratory x-ray sources for a 
wide range of structural investigations. Synchrotrons are powerful radiation sources, their 
intensity is up to ∼1010 times larger than that of laboratory x-ray tubes. Synchrotron 
radiation is produced when a charge (electron or positron) moving at relativistic speeds 
follows a curved trajectory. This trajectory is an enormous vacuum ring in which the 
electrons are radially accelerated by bending magnets, and therefore emit electromagnetic 
radiation (see Figure 2.3). In addition to its much higher intensity, which makes the 
observation of very weak signals possible, synchrotron radiation offers the following 
advantages: 
- Much smaller angular divergence relative to laboratory x-rays (radiation from x-ray 
tube is almost uncollimated): the x-rays are emitted preferentially tangential to the 
ring resulting in very tight angular collimation in the vertical plane. This is very 
important when small samples are studied. 
- Tunable energy from a broad spectral range by the use of monochromators in contrast 
to characteristic radiation from a tube source: the broad spectrum of white radiation 
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includes the x-ray region, and through the use of monochromator crystals 
monochromatic radiation of any energy can be selected (see Figure 2.4). 
- Strongly polarized radiation in the plane of the acceleration of the electrons 
(possibility of linear, elliptical and circular polarization). 
- Additional intensity can be gained by the use of insertion devices (wigglers, 
undulators): linear arrays of magnets that create more radiation.4 
- The separated bunches of electrons provide a time structure to the radiation, which 
makes some highly specialized time-resolved measurements possible. 
 
 
Figure 2.3: Schematic of the production of synchrotron radiation. 
 
In our studies, the high intensity and tight angular collimation was invaluable for our 
high-pressure diffraction experiments where we looked at small samples in diamond 
anvil cells. A tunable source of x-rays was required for x-ray absorption spectroscopy 
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measurements. Furthermore, we needed synchrotron radiation when we desired 
diffraction data to higher Q (small d-spacing) values and better statistics at high Q than 




Figure 2.4: Comparison of the spectrum of laboratory x-ray radiation from a copper 
tube (top) with that of synchrotron radiation; the radiation spectrum from 
the Daresbury Synchrotron Radiation Source (bottom).5 
 
Synchrotron x-ray diffraction measurements were performed at two different light 
sources for this thesis. High-pressure synchrotron x-ray diffraction measurements were 
carried out at the B-2 line of the Cornell High Energy Synchrotron Source (CHESS), 
Wilson Lab, Cornell University, Ithaca, NY. X-rays of the desired energy were selected 
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using a double-crystal monochromator and the beam was collimated and centered onto 
the sample cavity of the diamond anvil cell (DAC). Diffraction patterns were recorded on 
image plates (see setup in Figure 2.5). 
 
Figure 2.5: Scheme of the experimental setup for diffraction experiments at CHESS. 
 
High-temperature synchrotron x-ray diffraction measurements were carried out at 
beamline X14A of the National Synchrotron Light Source, Brookhaven National 
Laboratory (BNL), Upton, NY. X-rays were monochromated using a Si(111) double-
crystal monochromator. A gas proportional counter with krypton and CO2 gas was used 
as detector. The samples were loaded into capillaries and placed in a capillary furnace for 
variable temperature measurements. 
 
2.3 Powder neutron diffraction experiments 
Neutrons, although a much more expensive source of radiation, are preferred over x-
rays in many cases: (a) study of magnetic materials: neutrons have a spin and they can 
“see” magnetic order in solids as neutrons interact with electron spins, (b) study of light 
elements: neutrons are scattered by the atomic nuclei, not by electrons, and the scattering 
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power varies almost randomly and not systematically with atomic number (many light 
elements like H, O, Li are strong scatterers). 
Neutrons for diffraction experiments can be produced from reactor sources or 
spallation sources. Neutrons from reactors have a Maxwellian distribution of speeds. The 
intensity is limited by the monochromation during which much of the neutrons are 
wasted. Spallation sources produce bursts of neutrons as opposed to a continuous beam. 
The energy distribution of the pulsed neutrons is different from the ideal gas-like 
distribution (see Figure 2.6). This results in significant neutron intensity over a wider 
energy range. Although the time average intensity of a spallation source at a particular 
wavelength is often much lower than in a reactor source, the overall usable neutron flux 
on the sample can be higher. 
      
Figure 2.6:  Comparison of the energy distribution of neutrons from the different 
sources: neutron flux from a reactor source (left), neutron flux from a 
spallation source (right). Taken from Windsor.6 
 
Neutron diffraction experiments for this thesis were carried out at both reactor and 
spallation facilities. The neutron data reported in Chapter 6 were collected on the BT-1 
high resolution powder diffractometer at the National Center for Neutron Research 
(NCNR) at NIST, Gaithersburg, MD. A schematic of the instrument is shown on Figure 




Figure 2.7: Schematic of the BT-1 neutron powder diffractometer at NIST. The 
diffractometer radius is ∼1 m.7 
 
Measurements for the neutron diffraction studies reported in Chapter 3 were 
performed on the Special Environment Powder Diffractometer (SEPD),8 at the Intense 
Pulsed Neutron Source (IPNS) of Argonne National Laboratory, Argonne, IL. A 
schematic of the instrument is shown in Figure 2.8. Like most experiments performed at 
spallation sources, the experiment was a time-of-flight (TOF) type. In a typical neutron 
TOF experiment, the incoming neutron beam, the sample and the detectors are fixed. The 
detectors are arranged in “banks” at different angles. In each bank, the signal of all 
detectors that belong to the bank is averaged, giving an intensity-versus-time pattern of 
the diffracted neutron beam that can be converted to intensity versus d-spacing. The 
resolution of a TOF powder diffractometer depends on the incident and scattered flight 
path lengths. The neutrons with a range of energies come in pulses, their energy (and 





Figure 2.8:  Schematic of the Special Environment Powder Diffractometer at IPNS.8 
  
2.3.1 Analysis of diffraction data 
2.3.1.1 Image plate data analysis 
The use of two-dimensional detectors to record x-ray diffraction from solids is a 
standard practice both in the laboratory and at synchrotron facilities. Due to a large 
detector area, good x-ray sensitivity and a linear response over a large dynamic range, 
image plates are considered to be among the best detectors to record powder x-ray 
diffraction from small amounts of sample at ambient conditions or at very high pressure.9 
In an angle-dispersive x-ray diffraction experiment, such as the ones we carried out at 
CHESS, the diffracted x-rays from a powder sample in a diamond anvil cell at high 
pressure are recorded by a two-dimensional phosphor imaging plate detector. If the 
incoming x-ray beam is perpendicular to the plane of the image plate, Debye rings are 




Figure 2.9: Schematic of angle-dispersive x-ray diffraction using imaging plate 
detection.  
 
The image plates used to detect diffracted x-rays in the synchrotron experiments 
carried out at CHESS were read by a BAS 2000 scanner and integrated to give intensity 
versus 2θ values using the program SIMPA (Simplified Image Plate Analysis).10 
 
2.3.1.2 Powder pattern analysis with the program JADE 
The program JADE11 was used to visualize the diffraction patterns after integration 
by SIMPA and to determine the positions of the NaCl peaks that were used for 
calculating the pressure in the diamond anvil cell in out high-pressure diffraction 
experiments. After background fitting, and selection of the peaks to be fitted, JADE can 
be used to refine the position and intensity of the individual peaks. JADE was also used 
for extraction of peak areas for the estimation of the amount of orthorhombic phase 
present in cubic ZrW2O8 under pressure in Chapter 4. Finally, JADE was used throughout 




2.3.1.3 Analysis of diffraction data: Rietveld refinement and Le Bail fittting 
The General Structure Analysis System (GSAS) program12 with the EXPGUI 
graphical user interface13 was used for Rietveld analysis and Le Bail fitting of the x-ray 
and neutron diffraction data. High quality powder diffraction data in combination with 
the Rietveld method allows refinement of a structural model (atomic coordinates, site 
occupancies and atomic displacement parameters) as well as profile parameters (lattice 
constants, peak shape, sample height, instrument parameters, background). Changes in 
unit cell size (e.g. due to thermal expansion), in bond lengths and angles (e.g. due to 
compression) and other structural information can be extracted. Using the Le Bail 
method, one can perform fits with no structural model. In the present work, the lattice 
parameters for samples under high pressures were extracted by Le Bail fitting. This 
allowed us to obtain precise unit cell information without a good structural model.  
 
2.4 X-ray absorption spectroscopy 
X-rays are absorbed by matter through the photoelectric effect. An incident x-ray 
photon of sufficient energy can promote a core-level electron out of the atom and into the 
continuum. The atom is left in an excited state with an empty electronic level (a core 
hole). The electron that is ejected from the atom is called the photoelectron. The intensity 
of an x-ray beam passing through a material of thickness t is determined by the 




lntµ 0=⋅  (1) 
where I0 is the intensity of the incident beam hitting the material and I is the intensity 
transmitted through the material. The absorption coefficient primarily depends on x-ray 
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energy and atomic number as well as on the density of the material. The absorption 
coefficient µ has sharp absorption edges corresponding to the characteristic core-level 
energies of the atom. Typical x-ray absorption spectra showing absorption edges for 
different elements are shown in Figure 2.10. In compounds, the absorption spectrum of 
each element is influenced by its local environment. All elements with atomic number Z 
> 18 have at least one absorption edge (either a K- or L-edge) between 3 and 35 keV, 
which can be accessed at many synchrotron sources. 
 
Figure 2.10: X-ray absorption spectrum of Pb, Cd, Fe and O showing the absorption 
edges for the metals. Taken from Newville.14 
 
When x-rays are absorbed by the photoelectric effect, the excited core-hole will relax 
back to a lower energy state of the atom. A higher-level core electron drops into the core-
hole, and a fluorescent x-ray or an Auger-electron is emitted. The energy of the 
fluorescent x-ray equals the difference between the core-levels. In the Auger effect, an 
electron is promoted to the continuum from another core-level. X-ray fluorescence and 
Auger emission occurs at discrete energies that are characteristic of the absorbing atom 
and thus can be used to identify the absorbing atom.  
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The energy-dependence of the x-ray absorption coefficient can consequently be 
measured in two ways; in transmission, when the absorption is measured directly by 
measuring what is transmitted through the sample, and in fluorescence, when the re-
filling of the deep core-hole is detected and usually the fluorescence x-ray is measured. 
X-ray absorption spectroscopy (XAS) makes use of polychromatic x-rays produced by 
synchrotrons. The desired energy range corresponding to the absorption edge of the 
element under study is selected by diffraction from a double-crystal monochromator. 
XAS experiments focus either on a smaller energy region, within about 50 eV, around an 
absorption edge (X-ray Absorption Near Edge Spectroscopy, XANES) or on a larger 
energy range extending to far above an absorption edge (Extended X-ray Absorption Fine 
Structure, EXAFS). The corresponding XAS regions are shown in Figure 2.11. 
 
Figure 2.11: The XANES and EXAFS regions of the x-ray absorption spectrum. Taken 
from Newville.14 
 
XAS is element specific and can yield information about the local environment of the 
atom of interest for both amorphous and crystalline materials. The XANES region 
contains information about the absorber atom, as the exact energy of the absorption edge 
and the presence of pre-edge features depend on its oxidation state and site symmetry. 
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EXAFS is an interference phenomenon. It carries information on the surrounding atoms: 
their type, number and distance from the absorber atom. The electron ejected from the 
“central” atom can be considered as an outgoing spherical wave. It will be backscattered 
by neighboring atoms, which results in an incoming wave that can interfere 
constructively and destructively with the outgoing wave. Interatomic distances extending 
out to several shells (up to ∼6 Å for crystalline solids and good-quality data) and 
coordination numbers can be obtained from an EXAFS experiment. Atoms that differ by 
more than 3 in atomic number can be distinguished from each other. 
XAS experiments for this thesis fall into two categories: high-pressure XAS studies 
carried out at CHESS, and variable temperature XAS measurements done at the National 
Synchrotron Light Source (NSLS) of Brookhaven National Laboratory (BNL). Both 
experiment types were complemented by measurements on reference samples at ambient 
conditions. 
 
2.4.1 CHESS experiments 
The high-pressure XAS measurements of Chapter 4 were carried out at beamline B-2 
of CHESS in parallel with the diffraction measurements using the same double crystal 
monochromator and collimator. The transmission XAS measurements were carried out 
using two or three ion chambers. The two ion chamber arrangement is shown in Figure 
2.12. In the three ion chamber setup, the DAC was between the first and second detector 
and a reference metal foil between the second and third detector. Conversion from the 
diffraction experimental setup (shown in Figure 2.5) to the XAS setup was 
straightforward: the beam stop and the image plate holder were removed from the optical 
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bench and replaced by the transmission and reference ion chambers, and the energy was 
changed to that of the appropriate absorption edge. 
 
Figure 2.12: Experimental scheme for high-pressure XAS measurements at CHESS. 
 
Diffraction of the x-rays from the single crystal diamond anvils can significantly 
contribute to the measured absorption, thus degrading data quality. Therefore, XAS data 
in the DAC were collected at several different orientations of the DAC so that the 
glitches due to diffraction from the diamonds occurred at different energies. 
XAS data were also collected for a series of model compounds with different metal 
coordination environments at ambient pressure and temperature using samples that were 
diluted and ground with boron nitride and then packed into aluminum sample holders 
with Kapton tape windows so that the maximum value of µt was ~1.5 - 2. EXAFS and 







2.4.2 Variable temperature experiments at NSLS 
The variable temperature XAS measurements discussed in Chapter 5 were carried out 
at beamline X11A of the National Synchrotron Light Source (NSLS), Brookhaven 
National Laboratory (BNL), Upton, NY. Data were collected under ambient pressure 
conditions, at several temperatures. A Displex refrigerator was used for measurements at 
low temperatures (as low as 55-65 K). The EXAFS and XANES data collection was done 
in transmission mode using a three ion chamber arrangement with a reference metal foil 
between the second and third detector. The samples were diluted and ground with boron 
nitride so that the maximum value of µt was ~1.5 - 2. Energy scans were performed 
around the corresponding metal absorption edges. The monochromator was detuned by a 
certain amount, depending on the absorption edge energy, for rejection of the higher 
harmonics. 
 
2.5 High-pressure experiments 
High-pressure experiments in this thesis work involved both in-situ studies using 
diamond anvil cells (DAC) and a He gas pressure cell, as well as high-pressure syntheses 
in a large multi-anvil press. In the latter case the samples were recovered to ambient 
conditions and used later for ex-situ studies. In-situ studies of samples under high 
pressure utilizing radiation require an appropriate container, a pressure cell. The pressure 
cell has two main roles: (1) it produces the pressure conditions to which we want to 
expose our samples and (2) it allows the radiation to reach the sample and exit out to the 
detector through appropriate “windows”. High-pressure experiments also require highly 
penetrating radiation, as the sample is contained inside the pressure container. 
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Synchrotrons or neutron sources are usually used as radiation sources for diffraction. In 
some cases tube x-ray sources are also applied successfully, for example for high-
pressure studies on large single crystals. There are many possible designs of pressure 
cells.15 For high-pressure x-ray diffraction studies DACs,16 for neutron studies the Paris-
Edinburgh cell17 and the He gas pressure cell18 are most commonly used. 
There are certain requirements for the sample studied and the pressure-transmitting 
medium used within a pressure cell as well. The sample, if a powder, should be 
completely dry, homogeneous and finely ground. Moisture may lead to chemical 
reactions under the conditions of the experiment or it can change the hydrostaticity of the 
pressure-transmitting medium. If the sample is a mixture of two or more components, e.g. 
sample and an internal pressure standard, inhomogeneity can lead to different pressure 
behavior as well as errors in the pressure calibration. Coarse samples generally cause the 
appearance of spots rather than smooth Debye rings in the diffraction image. 
The pressure-transmitting medium should be chemically inert so that it does not react 
with the sample even under elevated pressure and temperature conditions. The degree of 
hydrostaticity within the pressure cell is also of great importance.19 In high-pressure 
experiments it is often critical to ensure that the pressure applied to the sample crystal is 
homogeneous and free of any differential stress or shear strain. Only pressure-
transmitting media that display hydrostatic behavior like a liquid or gas can provide 
homogeneous pressure conditions. However, all liquid and gas pressure-transmitting 
media solidify if exposed to high enough pressures. As the pressure medium into which 
the sample is immersed solidifies, it gives rise to nonhydrostatic pressure distribution 
around the sample. Nonhydrostaticity further increases as pressure rises. It may lead to 
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many kinds of problems, such as incorrect lattice constant determinations, undesired 
phase transitions, etc. Chapter 8 discusses a study of hydrostaticity in different grades of 
the pressure-transmitting medium fluorinert. 
The high-pressure diffraction experiments discussed in this thesis were carried out at 
the B2 beamline of CHESS, Cornell University, Ithaca, NY (x-ray) and at the SEPD 
instrument of IPNS at Argonne National Laboratory, IL (neutron). 
 
2.5.1 Diamond anvil cells 
Diamond anvil cells are probably the most common pressure cells for in-situ 
diffraction studies. The generic types of DACs are the NBS cell, the Bassett cell, the 
Mao-Bell, the Syassen-Holzapfel and the Merril-Bassett cells,15 but nowadays more 
options are available. 
In a DAC, a small amount of sample, either powder or single-crystal is compressed 
between two, opposed diamond anvils typically less than a millimeter across. The sample 
is sitting in a gasket hole and is typically immersed in a pressure-transmitting medium. A 
material used for pressure-determination (e.g. ruby chips, NaCl) is also mixed into the 
sample. Compression force is often applied on the diamonds using screws in the steel 
casing. The gasket may be pre-indented for a certain amount of pressure depending on 
the experiment by compressing the gaskets (without sample) between the diamonds. The 
x-rays or neutrons enter the DAC through the table face of one anvil and the diffracted 
beam exits the cell through the opposed anvil. The schematic of a diamond anvil cell for 
diffraction is shown in Figure 2.13. The downstream cone opening of the DAC 
determines the usable 2θ-range of the diffraction data. Some DACs can be used up to 
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very high pressures, even to pressures of several hundred gigapascals (1 GPa = 10,000 
atm).20, 21 
 
Figure 2.13: The principle of diamond anvil cell x-ray diffraction. The setup shown 
includes ruby chips mixed with the sample for purposes of pressure 
calibration (see section 2.5.4). Taken from Zha.22 
 
In-situ high-pressure x-ray diffraction experiments in the present thesis utilized four 
different DAC designs: a hydrothermal DAC (HDAC) designed by the research group of 
Bassett,23 a “BGI” (Bayerisches Geoinstitut, Bayreuth, Germany) design19 and “ETH” 
(Swiss Federal Institute of Technology, Zurich, Switzerland) design24 as well as a four-
post DAC25 were used. Images of the different designs are shown in the experimental part 
of the corresponding chapters. 
 
2.5.2 He gas pressure cell 
Our high-pressure neutron diffraction studies of Chapter 3 were carried out in a He 
gas pressure cell.18 As neutron diffraction requires rather large sample volumes (up to 
 
 80
several cm3), He gas cells are limited to relatively low pressures, around 0.65 PGa in our 
case, for safety reasons. Helium is claimed to provide hydrostatic pressure conditions up 
to 60-70 GPa.19 It retains low shear strength to provide a quasi-hydrostatic environment 
even when it is a solid (~ >10 GPa).26 
 
2.5.3 Multi-anvil press 
Our high-pressure studies described in Chapters 4 and 5 involved the use of a Walker-
type high-pressure multi-anvil press at the Mineral Physics Institute of SUNY Stony 
Brook, NY. This apparatus uses an octahedral arrangement of eight WC anvils to 
compress the octahedral sample cell. The size of the WC anvils and the edge length of the 
octahedral sample cell determine the maximum pressure that can be achieved. The press 
we used (shown in Figure 2.14) works with ~55 mm edge length cubes, and can reach 
pressures over 10 GPa. Heating of the sample under pressure is also possible using a 
graphite heater and a thermocouple. Details of the pressure cell used and the experimental 
conditions are discussed in the individual chapters. 
     
 
Figure 2.14:  The Walker-type multi-anvil press at SUNY Stony Brook, NY: the 
hydraulic press (left) and the open multi-anvil apparatus with the 




2.5.4 Determination of pressure 
Two different pressure calibration techniques were applied in this work. One utilized 
the known variation of the unit cell parameters versus pressure (equation of state) of an 
internal pressure standard, or the sample itself, and the other method utilized the known 
shift of the ruby fluorescence lines with pressure (ruby fluorescence method). 
In our high-pressure synchrotron powder diffraction experiments in an HDAC, NaCl 
was used as an internal pressure calibrant. It was mixed with the sample to give an 
approximate 4:1 = NaCl:sample weight ratio. NaCl is relatively soft, its bulk modulus 
(~25 GPa)27, 28 is much less then those of the samples we studied, thus it provides near 
quasi-hydrostatic conditions at lower pressures. The pressure inside the HDAC was 
calculated using the program CALIBRATION,29 which uses the Birch equation of state 
for NaCl.27 The diffraction angle of a selected NaCl reflection was determined by fitting 
the pattern and then used in the calculation by the program. 
Our high-pressure single crystal x-ray diffraction studies in Chapter 8 made use of the 
known variation of the cell parameters of quartz with pressure.2 
The high-pressure synchrotron powder diffraction experiments carried out in a four-
post DAC relied on the ruby fluorescence technique for pressure determination. This is an 
optical method for rapid routine measurement of pressure, which utilizes a pressure shift 
in the sharp R-line fluorescence spectrum of ruby (see Figure 2.15). The wavelength of 
the ruby R1 fluorescent line shows a linear dependence with pressure. The precision of 




Figure 2.15: Example of the pressure dependence of ruby fluorescence lines. The 
frequency shifts of the R1 and R2 lines can be used for pressure 
determination based on equation 2. 
 
 
The optical system for fluorescence calibration consists of a laser light source to 
excite the fluorescent radiation, an optics system for both the incident laser light and the 
fluorescent light, and a spectrometer for the spectral analysis of the fluorescence signal. 
The essential elements of the optics are a long working-length microscope and a dichroic 
mirror. A schematic diagram of the optical system is shown in Figure 2.16. Ruby 
fluorescence can be excited by the 441.6-nm line of a helium-cadmium laser or the 488.0 
and 514.5-nm lines of an argon-ion laser. The process of pressure determination requires 
at least two measurements, one of the fluorescence spectrum from a reference sample at 
ambient pressure, and one of the equivalent material within the sample chamber at high 
pressure. The correlation of the measured wavelength shift ∆λ with applied pressure is 
the basis for the pressure determination inside the cell using the following formula:19 
P(GPa) = 1904 [(∆λ/λ0)B – 1] / B    (2) 
where ∆λ and λ0 are the wavelength change under pressure and the wavelength at 
ambient pressure (in nm), respectively, and B is a parameter that corresponds to the 
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hydrostaticity within the pressure cell (non-hydrostatic: B = 5; quasi-hydrostatic: B = 
7.665).25 
 
Figure 2.16: Schematic diagram of a fluorescence pressure calibration system. Taken 
from Miletich et al.19 
 
2.5.5 Challenges of high-pressure XAS experiments 
There are some difficulties associated with doing XAS in a DAC. We want to 
measure x-ray absorption by the sample but diffraction by the diamonds can make a 
strong contribution to the measured attenuation of the sample plus cell assembly at 
certain energies. In Figure 2.17, a section of the reciprocal lattice for diamond is shown 
along with Ewald spheres corresponding to the limits of the energy scan used in one of 
the absorption measurements. As the diamonds are single crystals, diffraction only occurs 
when the X-ray energy is such that a reciprocal lattice point for one of the diamonds lies 
on the Ewald sphere. The Ewald sphere will clearly move through several reciprocal 




Figure 2.17: A section of the reciprocal lattice of diamond along with Ewald spheres 
corresponding to different energies. The spheres touch lattice points at 
certain energies. 
 
In practice, for certain orientations of the diamond cell and at certain energies, 
attenuation will occur mainly due to diamond diffraction resulting in sharp peaks 
(glitches) in the absorption spectra. Those glitches degrade the quality of the data. Their 
effect was minimized by taking data at several cell orientations and producing composite 
spectra as described in Chapter 4. A “glitchy” spectrum versus an unglitched spectrum is 
shown in Figure 2.18. Two different methods were applied to eliminate the glitch 






Figure 2.18: Comparison of an x-ray absorption spectrum affected by glitches due to 
diamond diffraction (upper, darker line) and a largely glitch-free spectrum 
(bottom, lighter line). 
 
2.6 Thermal analysis 
Thermal analysis methods are powerful techniques for the observation of phase 
transitions using small amounts of solid samples. Most crystallizations or crystal structure 
changes are accompanied by changes in the heat content of the sample, which can be 
measured by either Differential Scanning Calorimetry (DSC) or Differential Thermal 
Analysis (DTA). For the studies on pyrophosphates in Chapters 6 and 7, DSC was used. 
The measurements were made with a Seiko 220C DSC instrument at the School of 
Polymer, Textile & Fiber Engineering, Georgia Tech. The instrument can be used for 
experiments up to 600 °C both in nitrogen and in air. 
In a typical DSC experiment, the sample and the reference are in separate furnaces 
and they are heated up so that they are always at the same temperature. The difference in 
heat required by the sample and the reference is measured. If the thermal event studied, 
such as a change in crystal structure, requires heat input to the sample (endothermic 





Figure 2.19: Endothermic peak in the DSC of ZrP2O7 showing the order-disorder phase 
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CHAPTER 3  
 





Compounds with the A2M3O12 formula and with the Sc2W3O12 structure are known to 
display negative thermal expansion and, many of them also show significant A3+ 
conductivity. Monochromatic synchrotron x-ray as well as neutron powder diffraction 
was used to study several A2M3O12 materials at high pressures. A phase transition from 
orthorhombic (Pnca) to monoclinic (P21/a) symmetry was observed at pressures between 
0.1-0.3 GPa for compounds Sc2W3O12, Sc2Mo3O12 and Al2W3O12. A second crystalline to 
crystalline phase transition was also seen at ~ 3 GPa in the first two compounds. Almost 
complete amorphization occurred for several materials in the pressure range studied. For 
Sc2W3O12 and Sc2Mo3O12 it has been shown that the orthorhombic phase displays highly 
anisotropic compressibility, while that of the monoclinic phase is almost isotropic. These 
materials are very soft even when compared to most other NTE phases. The reduction in 
bulk modulus at the phase transition and the reduction in volume per formula unit is 
almost entirely associated with changes in the orthorhombic a and c directions. It has 
been shown that the mechanism of volume-reduction is different from what is seen on 
heating these materials. Our in-situ neutron diffraction study of Sc2W3O12 confirms this: 
the volume reduction seems to be accommodated by structural changes that are different 




Oxide materials exhibiting negative thermal expansion (NTE) have received 
considerable recent attention1-6 due to a combination of fundamental scientific interest 
and their potential for use in composites with tailored thermal expansion characteristics.7-
9 The majority of this work has focused on members of the AM2O8 (A - Zr, Hf and M - 
W or Mo), A2M3O12 (A - variety of +3 ions, M - Mo or W) and AX2O7 (A - variety of + 
ions, X - P or V) families of materials, although other low density framework materials 
such as zeolites10-14 and NbOPO415, 16 have also been examined closely. 
NTE materials typically show quite complex behavior upon application of modest 
pressures including pressure induced amorphization17-19 as well as phase transitions in 
which the crystallinity is retained.17, 20-23 While the detailed mechanisms behind 
phenomena such as amorphization are not always clear, the occurrence of these 
transformations at low pressure is related to the low densities and flexible frameworks of 
most NTE materials, and the existence of phonon modes that soften on volume 
reduction;24-31 such modes are necessarily present as they are responsible for the NTE. 
Some authors have suggested an intimate relationship between NTE and pressure-
induced amorphization.32 The occurrence of phase transitions at low pressure in NTE 
materials is not purely of academic interest. They can be induced while fabricating or 
using composites of these materials and are a hindrance to their application in 
composites, as they lead to a loss or reduction in the negative thermal expansion.9, 33, 34 
Early high pressure experiments on NTE materials examined ZrW2O8, ZrMo2O8 and 
ZrV2O7.21, 35, 36 While there have been several high pressure studies of A2(MO4)3  phases, 
much of this work has focused on compositions such as Tb2(MoO4)3, Gd2(MoO4)3, 
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Eu2(MoO4)3,37, 38 which do not adopt structures displaying NTE. Recently, high pressure 
work has started to appear on A2(MO4)3 phases that display NTE under ambient 
conditions,39-43 but this area is still relatively unexplored with no in-situ diffraction 
studies addressing the compressibility and symmetry of the phases that appear on 
compression. 
Many different crystal structures are known for compounds of the type A2(MO4)3 (A - 
variety of +3 ions, M - Mo or W).44-47 The orthorhombic Sc2(WO4)3-structure (space 
group Pnca) is found for A = Al, Sc, Cr, Fe, Y, In or the smaller rare earths from Lu to 
Ho and M = Mo, W. These orthorhombic materials show volume negative thermal 
expansion.3-6, 48-52 Sc2W3O12 consists of corner-sharing ScO6 octahedra and WO4 
tetrahedra46 (see Figure 1.6) and it displays anisotropic thermal expansion with two axes 
contracting and one expanding on heating as shown in Figure 3.1 for Sc2W3O12. The 
contraction can be viewed as arising from a dynamic cooperative tilting of the quasi-rigid 
polyhedral units that make up the framework.48 
 
Figure 3.1: Unit cell dimensional changes as a function of temperature for 
orthorhombic Sc2W3O12: open circles are a, closed diamonds are b, and 
closed triangles are c. Vertical axis scale on the left is for a and c, on the 
right for b. Taken from Evans et al.49 
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Sc2Mo3O12 and Al2W3O12 consist of corner-sharing ScO6 and AlO6 octahedra and 
MoO4 and WO4 tetrahedra, respectively, and they also display anisotropic thermal 
expansion with two axes contracting and one expanding on heating.51, 53 While NTE in 
Sc2Mo3O12 was clearly observed both by diffraction and dilatometry,49, 53 the expansion 
characteristics Al2W3O12 appear to depend on the method of measurement. NTE was seen 
by dilatometry, but low positive expansion was seen by x-ray diffraction.49 This 
difference may be due to extrinsic effects associated with microstructure changes as a 
function of temperature.54 
Yb2W3O12 is also a member of the orthorhombic Sc2W3O12-family (Yb is one of the 
smaller rare earths).44, 45 Similar to other tungstates and molybdates containing 
lanthanides with this structure, it is hygroscopic and forms the trihydrate 
Yb2W3O12⋅3H2O on contact with air.45 The effect of hygroscopicity on the bulk thermal 
expansion of Y2W3O12 has been studied.55 Hydration causes the unit cell to shrink and 
suppresses the transverse vibrations responsible for NTE. Removal of the water 
molecules results in the initial expansion of the framework. Indeed, NTE in Yb2W3O12 
was only found after the complete removal of water molecules at 120 oC.56 
Several members of the Sc2(WO4)3 family have been shown to undergo a volume-
reducing ferroelastic phase transition57 to a monoclinic structure on cooling.44, 45, 47, 53, 58 
This structure does not show negative volume expansion,53 as is illustrated for Sc2Mo3O12 




Figure 3.2: Thermal expansion of Sc2Mo3O12: the change of normalized lattice 
constants with temperature is plotted. The monoclinic phase (<180 K) 
exhibits normal positive expansion and its parameters are expressed in 
pseudo-orthorhombic form. Above 180 K, the structure is orthorhombic 
and shows NTE in the direction of the a- and c-axes. Note that the data for 
a and c overlap in the orthorhombic range. Data kindly provided by John 
S. O. Evans. 
 
A2(MO4)3 materials are also known for their trivalent cation conductivity.59-62 
Sc2(WO4)3  was the first material in which trivalent cation conduction has been 
unambiguously established for a solid.63 Studies of trivalent conduction in a variety of 
A2(MO4)3 compositions showed that Sc2(MoO4)3 and Sc2(WO4)3 possessed the highest 
conductivity among the molybdates and tungstates.59, 62 
There have been high-pressure studies of Sc2W3O12, Sc2Mo3O12, Al2W3O12 and 
Lu2W3O12.39-43, 64-68 Samples of  Sc2W3O12 recovered from room temperature and high 
pressure using a large volume press were examined by diffraction, and an irreversible 
pressure induced amorphization was observed to start at ~ 5 GPa and to be complete by 
~8 GPa.39 No intermediate pressure phase transformations were reported. Measurements 
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on Sc2(WO4)3 at 400 ºC showed an initial decrease in ionic conductivity with increasing 
pressure followed by an increase above 2.9 GPa.64-66 This change in the pressure 
dependence of conductivity was coincident with the pressure induced amorphization of 
the material, as seen by synchrotron energy dispersive x-ray diffraction (EDXRD) on 
samples in a multi-anvil apparatus at 400 ºC. In a room temperature Raman spectroscopy 
and EDXRD study of Sc2(MoO4)3, using DACs with methanol-ethanol or methanol-
ethanol-water as pressure transmitting media, reversible phase transitions were observed 
at 0.3 GPa and 2.7 GPa followed by the onset of amorphization at about 3.7 GPa.42 This 
amorphization was initially reversible but became irreversible at higher pressures. The 
Raman data were interpreted as indicating that the MoO4 tetrahedra persisted in the 
amorphous phase. The phase existing between 0.3 and 2.7 GPa was identified as 
monoclinic by comparison of the high pressure Raman spectra with those of the low 
temperature ambient pressure monoclinic form of Sc2Mo3O12.42 In a combined Raman – 
laboratory XRD – synchrotron XRD study of Sc2(MoO4)3 conducted by Arora et al.67 
pressure induced amorphization was reported to occur in two stages beginning at 4 GPa 
with some disordering and ending at 12 GPa (DACs with methanol-ethanol pressure 
media). None of the Sc2(MoO4)3 studies report the variation of the lattice constants on 
compression. A study examining samples of Al2W3O12 that had been recovered from high 
temperature/pressure concluded that this compound undergoes no irreversible phase 
transitions below 8 GPa at room temperature and that at high pressure and temperature 
the material decomposes to form AlWO4.68 In-situ measurements of AC resistivity and 
compressibility at room temperature in large volume presses were interpreted as 
indicating a reversible phase transition at 5 kbar.41 In a room temperature Raman study of 
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Al2(WO4)3, reversible phase transitions were observed at 0.28 and 2.8 GPa.43 The 
intermediate phase was identified as monoclinic and it was noted that the phase existing 
above 2.8 GPa probably contained WO4 tetrahedra with smaller distortions than the 
MoO4 tetrahedra in Sc2Mo3O12 at pressures above 2.7 GPa. The room temperature high-
pressure behaviour of Lu2(WO4)3 has been investigated by examining samples recovered 
from high pressure using a Walker-type multi-anvil device. Pressure induced 
amorphization began at 5 GPa and was complete by 8 GPa, and no evidence was seen for 
any other transformation.40 
Sc2W3O12, Sc2Mo3O12 and Al2W3O12 are good model compounds to carry out a 
comparative study as they are expected to undergo similar changes under compression 
and with the presence of different cations, Mo versus W and Al versus Sc, the effect of 
chemistry on the high-pressure behaviour can be studied. No high-pressure study has 
been reported for Yb2W3O12 and no monoclinic polymorph is known for the material. 
In this chapter, we present high pressure in-situ synchrotron powder diffraction 
studies of Sc2(WO4)3, Sc2Mo3O12, Al2(WO4)3 and Yb2(WO4)3 under (quasi)-hydrostatic 
conditions in diamond-anvil cells as well as a high-pressure neutron diffraction study of 
Sc2(WO4)3 in a He gas pressure cell. 
 
3.2 Experimental 
3.2.1 Sample preparation 
Sc2W3O12 powder was prepared from Sc2O3 (Strem Chemicals, Newburyport, MA) 
and WO3 (Aldrich, Milwaukee, WI). Stoichiometric amounts of the two oxides were 
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thoroughly mixed and ground. The mixture was initially heated at 1000 oC for 5 hours 
and after regrinding it was heated at 1200 oC for an additional 12 hours in air. 
Sc2(MoO4)3 powder was prepared from Sc2O3 (Strem Chemicals, Newburyport, MA) 
and MoO3 (J. T. Baker, Phillipsburg, NJ). Stoichiometric amounts of the two oxides were 
thoroughly mixed and ground. The mixture was initially heated at 700 oC for 5 hours and 
after regrinding it was heated at 1100 oC for an additional 12 hours in air. 
Al2(WO4)3 powder was synthesized from Al2O3⋅2H2O (Catapal β-Alumina, Vista 
Chemical Company, Houston, TX) and WO3 (Aldrich, Milwaukee, WI). Stoichiometric 
amounts of the two oxides were thoroughly mixed and ground. The mixture was heated at 
900, 1000 and 1100 oC for 20-hour periods with intermittent grinding steps. 
Yb2(WO4)3 powder was prepared from Yb2O3 (Strem Chemicals, Newburyport, MA) 
and WO3 (Aldrich, Milwaukee, WI). The two oxides were thoroughly mixed in 
stoichiometric amounts and ground. The mixture was heated to 1000 oC for 5-hour, the 
1150 oC for 22- and 38.5-hour periods with intermittent quenching in ice water and 
drying at 130 oC. 
 
3.2.2 Diamond anvil cells 
Two different diamond anvil cell (DAC) designs and pressure-transmitting media 
were used; a four-post DAC with nitrogen as pressure medium (only for Sc2W3O12 and  
Yb2W3O12), and a hydrothermal DAC (HDAC)69 (see Figure 3.3) with anhydrous 
isopropanol. The two media were chosen to give good pressure control at low pressures 
(isopropanol) and hydrostatic conditions to > 10 GPa (nitrogen). The limit of 
(quasi)hydrostaticity for nitrogen has been reported to be 13 GPa.70 However, the loading 
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method that we employed, sealing while immersed in liquid nitrogen, gave us poor 
control over our starting pressure. Isopropyl alcohol is claimed to provide hydrostatic 
pressure conditions up to 4.3 GPa.70 Typically for high-pressure studies of the type that 
we report, methanol:ethanol:water = 16:3:1 and methanol:ethanol = 4:1 with hydrostatic 
limits of  14.5 and 10.4 GPa, respectively are used.70 Water is known to react with the 
open-framework NTE phase cubic ZrW2O8, resulting in a volume contraction,71 and we 
have seen similar phenomena with ZrW2O8 in methanol.72 Additionally, it is well 
established that many A2M3O12 phases react with water to give hydrates.45, 55, 73, 74 While 
we have no evidence for the reaction of Sc2W3O12 with water or any alcohol, we avoided 
water and small alcohols in our pressure-transmitting media so that reaction between the 
medium and the sample would not be a concern. Pressure inside the four-post DAC was 
measured using the ruby fluorescence technique75 where pressure calibration errors of 
0.05 - 0.1 GPa are possible.70 The four-post DAC was equipped with 2.4 mm thick 
diamonds with 600 µm culet faces. A 23.3 mm OD, 200 µm thick stainless steel gasket 
with a 250 µm hole diameter was used with this DAC. This cell was only used for 
Sc2W3O12. In the HDAC, NaCl was used as pressure calibrant. The diamonds were 1.7 
mm thick with 500 µm culet faces. A rhenium gasket with a 300 µm hole diameter and 
125 µm thickness was used. In both cases the gaskets were pre-indented between the 
diamonds. The downstream cone opening of the cells was 44 degrees resulting in a 2θmax 
of 22 degrees with ~15 degrees of usable data. 
 
 99
   




3.2.3 He-gas pressure cell 
The He-gas pressure cell shown in Figure 3.4 offers the advantages of perfectly 
hydrostatic conditions (helium is claimed to remain hydrostatic up to 60-70 GPa70), 
precise control and measurement of pressure, and, due to the use of the TOF technique 
where all of the data can be collected at a fixed scattering angle, diffraction data that are 
completely free from Bragg scattering from the cell.76 
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The cell is made of three concentric cylinders of 7075-T6 alloy aluminum. Its design 
is such that it avoids scattering from the cell while maximizing the effective volume of 
the sample illuminated by the incident neutron beam. The unique feature of the cell is its 
incorporated internal gadolinium-epoxy shielding, which serves two functions. Firstly, it 
collimates the incident and scattered neutron beams at the sample. Secondly, it minimizes 
the background from multiple scattering of neutrons in the aluminum. The active sample 
volume illuminated by neutrons is ~5 cm3. The He-gas cell we used was limited to a 




3.2.4 Synchrotron x-ray diffraction data collection 
Data were collected at room temperature and up to ∼10 GPa pressure in the four-post 
DAC for Sc2W3O12 and up to ~6.5 GPa for Yb2W3O12, as well as up to 6.6 GPa in the 
HDAC for Sc2W3O12, up to ∼8 GPa pressure for Sc2(MoO4)3 and up to 7.0 GPa for 
Al2(WO4)3 using the B-2 line of the Cornell High Energy Synchrotron Source (CHESS), 
Wilson Lab, Cornell University, Ithaca, NY. The experimental setup is shown in Figure 
3.5 and was schematically shown in Figure 2.5. 25 keV (λ = 0.496 Å) x-rays were 
selected using a Ge(111) double-crystal monochromator. Diffraction patterns were 
recorded on image plates. The sample-to-plate distance was calibrated using ambient 
pressure diffraction from NaCl. For the HDAC, the salt was packed in the cell with the 
sample (A2(MO4)3:NaCl = 1:2-1:4 ratio by weight) and it was assumed that the pressure 
inside the cell was zero for the purposes of this calibration. For the four-post DAC, a 
small amount of NaCl was placed onto an external diamond face and the resulting 
sample-to-plate distance corrected for the thickness of the diamond. 
 
    
Figure 3.5: Experimental setup for synchrotron diffraction using the HDAC (left). Top 
view of the HDAC (right). 
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3.2.5 Neutron diffraction data collection 
Neutron data collection on Sc2W3O12 was performed using the Special Environment 
Powder Diffractometer (SEPD),77 at the Intense Pulsed Neutron Source (IPNS) of 
Argonne National Laboratory, Argonne, IL (see  Figures 3.6 and 2.7). The SEPD is a 
time-of-flight powder diffractometer that is optimized for diffraction in special 
environments, where a 90° scattering angle can be used to allow optimum collimation in 
order to eliminate scattering from the sample environment. When a large amount of 
sample is available, the high count rate of the instrument makes collection of usable 
quality data possible within minutes. Typical collection times for data for precision 
Rietveld refinements are about 5 hours for 5 grams of sample. The instrument uses 10 
atm 3He-gas proportional counters as detectors. The pressure within the sample cell is 
produced and controlled by a two-stage gas compressor. 
a)    b)  





In our experiment, about 13.7 g finely ground and dried Sc2W3O12 was loaded into 
the sample can of the He-gas pressure cell. The sample was compressed to 0.6 GPa in 8 
small steps and then decompressed in 4 steps. Data were collected at each step for about 
5 hours and converted into a format usable for further analysis. There are five detector 
banks for the SEPD instrument; at ±145 ° (80 detectors), ±90 ° (40 detectors), ±60 ° (24 
detectors), +30 ° (7 detectors) and -15 ° (7 detectors). The data that can be collected with 
each detector bank differs both in d-spacing range and resolution. Only data from Bank 2 
were used for Rietveld analysis, as that is the detector bank located at 90o with a view 
through the pressure cell window (see above). 
 
3.2.6 Data analysis 
The image plates were read using a BAS 2000 scanner and integrated to give intensity 
vs. 2θ using SIMPA (v1.3).78 The patterns were initially processed in JADE79 and then 
further analyzed by a combination of the Rietveld and Le Bail methods using GSAS80 
with the EXPGUI interface.81 Pressure was estimated for the HDAC experiments using 
the NaCl peak positions determined using JADE and the program Calibration.82, 83 
Pressure determination with the program Calibration made use of the Birch equation of 
state for NaCl.83 This pressure scale is reported to be accurate to better than 1% in the 
range of our experiments.84, 85 Le Bail fits were carried out to extract the lattice 
parameters at each pressure. In these fits, only the lattice parameters and profile 
parameters were varied. For the pressures where there was evidence for the coexistence 
of orthorhombic and monoclinic phases, the Rietveld method was used to obtain an 
estimate of the amount of each phase that was present. In these fits, the lattice parameters 
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for each phase, the background terms, the scale factors and the peak profile parameters 
were optimized, but the structural models were not refined due to the limited amount of 
data (low Qmax) that was available. Structural models for these fits were obtained from 
Abrahams and Bernstein46 (orthorhombic Sc2W3O12 model) as well as Evans and Mary53 
(monoclinic Sc2Mo3O12 model with the replacement of the Sc or Mo atoms as needed; 
see Appendix A). The calculated unit cell volumes were fitted to the Birch-Murnaghan 
equation of state (EOS)86 using the EOS-FIT program (v5.2).87 The third-order Birch-
Murnaghan EOS was used for both the orthorhombic and monoclinic phases. 
The Sc2W3O12 neutron data were also analyzed with the GSAS and EXPGUI 
programs using the same structural models as above. 
 
3.3 Sc2W3O12 – High-pressure in-situ synchrotron x-ray diffraction studies 
3.3.1 Results 
Subsets of the powder diffraction patterns obtained as a function of pressure using 
isopropanol and nitrogen as pressure-transmitting media are shown in Figure 3.7; those 
measured in nitrogen and isopropanol are qualitatively in excellent agreement with one 
another. Below ~0.3 GPa, Sc2(WO4)3 remains orthorhombic and the diffraction data can 
be fitted well in space group Pnca using the atomic positions of Abrahams and 
Bernstein.46 Above ~0.3 GPa (0.32 GPa in isopropanol and 0.28 GPa in nitrogen) a 
transformation to a monoclinic phase began. This was almost complete at 0.44 GPa. We 
estimated from Rietveld fits that at 0.28 GPa in nitrogen we had a 4:1 ratio of 
orthorhombic to monoclinic material by weight, at 0.32 GPa in isopropanol there was a 
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2:3 ratio of orthorhombic to monoclinic material, and at 0.44 GPa in isopropanol a trace 
of the orthorhombic phase could be detected. 
  






















            





















       
Figure 3.7: Sc2W3O12 powder diffraction patterns as a function of pressure in 
isopropanol (left) and in nitrogen (right). Arrows indicate the location of 
peaks that are characteristic of the monoclinic phase. The data were 
collected at 25 keV (λ = 0.496 Å). 
 
The monoclinic phase was indexed in space group P21/a using as a starting point the 
lattice parameters of monoclinic Sc2(MoO4)3.53 It was stable on further compression to 
almost 3 GPa. A second phase transition was seen at 2.87 GPa in isopropanol, but the 
first signs were apparent at 2.45 GPa in nitrogen. This phase has not yet been indexed and 
it does not appear to be closely related to known A2M3O12 structures such as tetragonal 
Gd2Mo3O1288 or monoclinic Eu2W3O12.89 Amorphization did not occur in the pressure 
range studied (< 10 GPa) although some broadening of the diffraction peaks was 
noticeable. The phase change at ~3 GPa did not reverse upon decompression indicating 
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that recovery from pressure for further high resolution structural studies might be 
possible. 
Lattice constants obtained by Le Bail fitting are reported in Tables 3.1 and 3.2 for the 
isopropanol and nitrogen experiments respectively. The values obtained in the different 
media are in good agreement at low pressure but there are small systematic differences at 
higher pressures. The trends with pressure are the same for both experiments. The 
systematic differences are probably due to the different pressure determination methods 
in the two experiments and in particular our assumption of zero pressure in the as closed 
DAC containing isopropanol. We have also conducted a neutron diffraction study of 
Sc2W3O12 in a helium gas cell at pressures of up to 0.6 GPa (see section 3.4).90 The 
normalized lattice constants from the neutron experiments lie between the values 
obtained using nitrogen and isopropanol media, but closer to those in the nitrogen 
experiment. 
As the structures of monoclinic and orthorhombic Sc2(WO4)3 are very closely related 
to one another53 it is possible to transform the primitive monoclinic lattice constants to a 
new A centred monoclinic lattice that is pseudo orthorhombic with am ~ ao, bm ~ 2co, cm ~ 
2bo and αm ~ 90º using the matrix (0 1 0; 0 0 -1; -2 0 -1) so that changes in linear 
compressibility through the phase transformation can be examined. Pseudo orthorhombic 







Table 3.1: Sc2(WO4)3 lattice constants as of a function of pressure in an isopropanol 
pressure-transmitting medium. Derived pseudo-orthorhombic values are 
given for the monoclinic phase along with the primitive monoclinic lattice 
constants that were directly determined from the diffraction data. At 0.32 
GPa lattice constants for both the monoclinic and orthorhombic phases are 
given as both were present in significant amounts. At 2.87 GPa, the 
second phase transition had begun, therefore it was difficult to obtain 
reliable lattice parameters from the fit. 
 
Pressure, 
GPa Symmetry a, Å b, Å C, Å β or α, deg Volume, Å
3 
0.00 orthorhombic 9.6694(2) 13.3255(2) 9.5792(2) 90.000 1234.28(4) 
0.13 orthorhombic 9.6620(1) 13.3050(2) 9.5713(2) 90.000 1230.41(2) 
0.18 orthorhombic 9.6591(2) 13.2912(2) 9.5687(2) 90.000 1228.45(3) 







































































































































Table 3.2: Sc2(WO4)3 lattice constants as of a function of pressure in a nitrogen 
pressure transmitting medium. Derived pseudo-orthorhombic values are 
given for the monoclinic phase along with the primitive monoclinic lattice 
constants that were directly determined from the diffraction data. At 0.28 
GPa both phases were present in significant amounts. 
 
Pressure 
(GPa) Symmetry a, Å b, Å C, Å β or α, deg Volume, Å
3 






































































In Figure 3.8 we present normalized orthorhombic and pseudo-orthorhombic lattice 
constants as a function of pressure. It is clear that the orthorhombic b-axis is much more 
compressible than the a- and c-axes and that there is essentially no change in length for 
the b-axis at the orthorhombic to monoclinic transition, unlike the other axes. There is an 






   
Figure 3.8: Normalized lattice constants as a function of pressure for experiments in 
isopropanol and nitrogen: a) 0 – 2.5 GPa. Open circles with line: a/a0 
monoclinic, open squares with line: b/b0 monoclinic, open triangles with 
line: c/c0 monoclinic in isopropanol; solid circles: a/a0, solid squares: b/b0, 
solid triangles: c/c0 in nitrogen; b) A blow-up of the orthorhombic region 
(0 – 0.32 GPa). Open circles: a/a0, open squares: b/b0, open triangles: c/c0 
in isopropanol; solid circles: a/a0, solid squares: b/b0, solid triangles: c/c0 
in nitrogen. The monoclinic lattice constants for the phase existing above 
~ 0.3 GPa have been converted to pseudo-orthorhombic values. 
Normalization of the lattice constants was done using the values from the 
first measured pressure point, which was not exactly zero pressure, rather 
than the zero pressure extrapolated values. The lines are only a guide to 
the eye. 
 
Linear compressibilities were estimated for both phases in both media: for the 
orthorhombic phase βa = 6.32(16)x10-3 GPa-1, βb = 1.76(21)x10-2 GPa-1, βc = 
6.84(32)x10-3 GPa-1, monoclinic phase βa = 1.85(3)x10-2 GPa-1, βb = 1.78(3)x10-2 GPa-1, 
βc = 1.69(9)x10-2 GPa-1 (in isopropanol) and for the orthorhombic phase βa = 3.78x10-3 
GPa-1, βb = 1.41x10-2 GPa-1, βc = 4.18x10-3 GPa-1, monoclinic phase βa = 2.06(7)x10-2 
GPa-1, βb = 1.80(11)x10-2 GPa-1, βc = 1.64(18)x10-2 GPa-1 (in nitrogen). For the 
orthorhombic values in nitrogen no standard deviation was estimated as only two data 


















Figure 3.9: Orthorhombic and pseudo-orthorhombic angles α as a function of 
pressure. The lines are only a guide to the eye. Circles: orthorhombic, 
squares: monoclinic in isopropanol; triangles: orthorhombic, diamonds: 
monoclinic in nitrogen. 
 
Figure 3.10 shows the volume/formula unit as a function of pressure derived from the 
measurements in isopropanol and nitrogen. From the isopropanol data, there is a 1 % 
decrease in volume prior to the orthorhombic-monoclinic transformation, a further 1.7 % 
decrease at the transition itself and a total decrease in volume of ~12.5% on going to 2.4 
GPa. Fitting a third-order Birch-Murnaghan equation of state (EOS) to the P-V data for 
the sample in isopropanol data gave a bulk modulus, K0, of 31(3) GPa for the 
orthorhombic and 14(1) GPa for the monoclinic phase. The zero pressure volume/formula 
unit (V0) values were 308.75(17) Å3 and 307.70(73) Å3 for the orthorhombic and the 
monoclinic phase, respectively. The pressure derivative of the bulk modulus was fixed at 
4.0 while fitting the data for the orthorhombic phase and determined by fitting to be 
4.0(9) for the monoclinic phase. Fitting the same EOS to P-V data obtained from the 
diffraction patterns collected with a nitrogen medium resulted in a K0 of 45 for the 
orthorhombic and 13.3(5) for the monoclinic phase. The zero pressure volumes (per 
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formula unit) were 309 and 307(1) Å3. The pressure derivative was fixed at 4.0 for these 
fits due to the limited number of data points. No standard deviation for the bulk modulus 
and zero pressure volume of the orthorhombic phases is given as only two data points 
were available for the fitting.  
 
Figure 3.10: Normalized unit cell volume as a function of pressure. Closed symbols are 
for the sample in isopropanol, and open symbols are for the sample in 
nitrogen. The solid line shows a fit to the data for the monoclinic phase 
from the experiment in isopropanol using a third order Birch-Murnaghan 
equation of state: K0 = 14(1) GPa, K' =4.0(9) , V0 = 307.7(7)Å3. The 
dashed line shows a fit to the data for the monoclinic phase from the 
experiment in nitrogen using a third order Birch-Murnaghan equation of 
state: K0 = 13.3(5) GPa, K' fixed at 4 , V0 = 307(1)Å3. 
 
3.3.2 Discussion 
The pressure range over which monoclinic Sc2(WO4)3 exists at room temperature is in 
surprisingly close agreement with Raman measurements for Sc2(MoO4)3 and 
Al2(WO4)3.42, 43 At ambient pressure there is considerable variation in the temperature of 
the orthorhombic-monoclinic phase transition temperature amongst A2(WO4)3 and 
A2(MoO4)3 phases; Al2(MoO4)3 (200 oC or 200-250 oC),47, 58 Al2(WO4)3 (-6 oC),47 
 
 112
Cr2(MoO4)3 (385 oC  or 380 oC),47, 58 Fe2(MoO4)3 (499 oC or 500-550 oC)47, 58, 
Sc2(MoO4)3 (9 oC, -94 oC or -153 oC) 47, 49, 53, In2(WO4)3 (335 oC)47 and In2(MoO4)3 (252 
oC).47 However, Sc2W3O12 remains orthorhombic down to 10 K.48 The different transition 
temperatures that have been reported for some of these compounds are probably a 
consequence of differences in experimental methodology rather than true sample to 
sample variation or transition hysteresis. 
The composition dependence of the transition temperature within a series of 
molybdates or tungstates has been rationalized by Sleight et al.:47, 49 as the 
electronegativity of the A3+ cation increases, there is less negative charge on the oxide 
ions and consequently less repulsion between oxide ions resisting a volume collapse 
giving the monoclinic structure at higher temperatures. This reasoning suggests that 
Sc2W3O12, with a very low cation electronegativity, and an orthorhombic form that is 
stable down to at least 10 K at ambient pressure, should transform to the monoclinic form 
at higher pressure than Al2W3O12, but the observed transformation pressures are 
essentially the same, 0.28 GPa for Al2W3O1243 and 0.28 - 0.44 GPa for Sc2W3O12. As the 
true thermodynamic transition pressures are not accurately known for these compounds, 
due to a combination of pressure calibration errors, phase coexistence over a range of 
pressures rather than sharp transformation, and a limited number of measurements in the 
relevant pressure range, it is not possible from these data to know if the thermodynamic 
transition pressures are in accordance with Sleight’s arguments.47, 49 However, it is clear 
that compounds with very different phase transition temperatures at ambient pressure can 
have very similar transition pressures at ambient temperature. From the perspective of 
possible applications in designed thermal expansion composites, the low transformation 
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pressure and the apparent insensitivity of the transformation pressure to chemical 
substitution may be troublesome. 
The highly anisotropic nature of the orthorhombic phase's compressibility (Figure 
3.8) is not trivially related to its anisotropic thermal expansion. Anisotropic thermal 
expansion in Sc2(WO4)3 has been explained in terms of a coupled rotation of polyhedra.48 
If this mechanism for volume contraction were in operation on the application of 
pressure, the a- and c-axes would contract and the b-axis would expand on compression. 
However, all of the axes are observed to contract on compression and the b-axis is 
considerably softer than both the a- and c-axes. Compression of the b-axis is essentially 
continuous through the phase transition, but there is an abrupt decrease in the lattice 
constants for both the orthorhombic a and c directions at the phase transition that is 
associated with a significant softening of the lattice in these directions. Interestingly, this 
is quite similar to what is seen for the thermally induced transition in Sc2Mo3O12; there is 
only a small discontinuity in the b-axis (~0.05%), but major discontinuities in both the a 
and c directions (>0.5%) at the transition temperature.91 The monoclinic phase displays 
essentially isotropic compressibility. 
Both the orthorhombic and monoclinic phases are very soft (bulk moduli of 31(3) and 
14(1) GPa, respectively, based on isopropanol data) by comparison with most dense 
simple oxides92 but similar values are seen for some simple framework structures, for 
example cubic NbO2F93 (Ko = 24.8(11) GPa). Low bulk moduli are common amongst 
NTE and related materials, for example cubic ZrW2O8 (72.5 GPa by neutron 
diffraction),23 cubic ZrMo2O8 (44.6 GPa),94 cubic ZrP2O7 (39 GPa),36 cubic HfV2O7 (14 
GPa)95 and cubic ZrV2O7 (18 GPa),36 presumably arising from the low density and 
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framework flexibility that is characteristic of them. The marked decrease in bulk modulus 
at the phase transition in Sc2W3O12 is reminiscent of the compressibility collapse seen in 
ReO3 as the O-Re-O-Re-O chains start to kink,96, 97 and similar to that seen at the cubic to 
rhombohedral transition in NbO2F.93, 98 While ReO3 and Nb2OF do not show NTE, they 
have structural characteristics typical of NTE materials and the close structural relative 
TaO2F has an expansion coefficient very close to zero, and perhaps slightly negative, 
over a wide temperature range.99 
Our observation that Sc2(WO4)3 does not undergo pressure induced amorphization 
below 10 GPa, contrasts with a previous report of amorphization in the 4-8 GPa range 
when using a Walker-type pressure device with a MgO pressure medium.39 The 
amorphization is clearly sensitive to the sample’s stress state and while our DAC 
experiments provide a pseudo hydrostatic environment, the amorphization observed by 
Secco et al.39 was probably mediated by the nonhydrostatic conditions of their 
experiment. 
 
3.4 Sc2W3O12 – An in-situ neutron diffraction study under pressure 
3.4.1 Results 
The goal of the in-situ neutron experiment was to collect good-quality structural data 
under truly hydrostatic conditions in the pressure range where the orthorhombic to 
monoclinic phase transition occurs in the material. As we have already seen, this phase 
transition happens around 0.3 GPa on compression, thus the 0 – 0.65 GPa range given by 
the He-gas pressure cell was suitable for this study. By careful Rietveld analysis of the 
data, in addition to the lattice constants, we extracted bond lengths and bond angles so 
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that we could examine how the structure accommodates the decrease in volume on 
compression. We already pointed out in the previous section that the mechanism of 
volume reduction on compression is different from that on heating. By comparing the 
finite structural changes that occur on compression with those occurring on heating, we 
can learn about the difference in the volume reduction mechanisms for the two cases. 
The structure of Sc2W3O12 was refined at twelve pressures, including three pressure 
points on decompression, using the atomic positions of Abrahams and Bernstein46 
(orthorhombic phase, space group Pnca), as well as Evans and Mary53 (monoclinic phase, 
P21/a) as starting points (see Appendix A). Since we were interested in the minor changes 
in bond distances and angles that occur as a function of pressure, care was taken to adopt 
a consistent refinement strategy throughout the analysis. For each of the refinements 
discussed below, an addition to the fractional atomic coordinates and isotropic thermal 
parameters, 12 background terms, 3 peak profile variables, all cell parameters, the 
diffractometer constants ZERO and DIFA, and an overall scale factor (two in the case of 
phase coexistence) were refined. Figure 3.11 shows observed, calculated and difference 
profiles of typical refinements for the orthorhombic and the monoclinic phase, 
respectively. 
D-spacing ranges for the analyses were 0.45-5.28 Å for the 0-0.25 GPa pressure range 
and 0.70-5.28 Å for the 0.30-0.61 GPa range. The isotropic thermal parameters were 
constrained to be the same within the same atom type (Sc, O and W, respectively) in the 
refinements of both phases. The lattice constants obtained at different pressures by 
Rietveld refinement are tabulated in Table 3.3. Similarly to our x-ray study, pseudo-
orthorhombic lattice constants were also calculated and are given along with primitive 
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monoclinic ones. The orthorhombic and monoclinic phase seemed to coexist at 0.25 GPa 
(on compression; 99.0 % orthorhombic + 1.0 % monoclinic), 0.3 GPa (on compression; 
4.0 % and 96.0 %, resp.) as well as 0.25 GPa on decompression (1.3 % and 98.7 %, 
resp.). The weight percent amount (phase fractions) of the two phases was also estimated 
from the Rietveld fits. While no data with considerable amounts of both phases was 
recorded, considerable hysteresis was observed; on compression at 0.25 GPa the sample 
was almost entirely orthorhombic, but on decompression it was almost all monoclinic. At 
0.25 GPa on compression, the amount of monoclinic phase was apparently too small for a 
reliable lattice constant determination. Therefore, a two-histogram refinement was also 
carried out for the 0.25 GPa datasets using both the data collected on compression and on 
decompression. The lattice parameters from this combined refinement (bottom row in 
Table 3.3) seemed very reasonable and thus the results form this refinement were used 












       
 
Figure 3.11: Observed (+), calculated (line) and difference (lower line) neutron 
diffraction patterns for typical Rietveld refinements of orthorhombic (top; 
0.1 GPa) and monoclinic Sc2W3O12 (bottom; 0.4 GPa). The tick marks 
between the pattern and the difference curve represent peak positions 






Table 3.3: Sc2(WO4)3 lattice constants as a function of pressure in helium pressure- 
transmitting medium. Derived pseudo-orthorhombic values are given for 
the monoclinic phase along with the primitive monoclinic lattice constants 
that were directly determined from the diffraction data. At 0.30 GPa on 




(GPa) Symmetry a, Å b, Å c, Å β or α, deg Volume, Å
3 
0.00* Orthorhombic 9.6872(8) 13.3406(12) 9.5952(8) 90.000 1240.00(31) 
0.00 Orthorhombic 9.6755(30) 13.3299(42) 9.5848(29) 90.000 1236(1) 
0.10 Orthorhombic 9.6687(13) 13.3021(17) 9.5778(12) 90.000 1231.84(46) 
0.20 Orthorhombic 9.6653(11) 13.2792(15) 9.5724(10) 90.000 1228.58(39) 

































































































































*Out of the pressure cell data obtained in a separate experiment using the same instrument. 
 
In Figure 3.12 we present normalized orthorhombic and pseudo-orthorhombic lattice 
constants as a function of pressure. In accordance with the results from our in-situ 
synchrotron x-ray study, the orthorhombic b-axis appears to be much more compressible 
than the a- and c-axes and that there is essentially no change in length for the b-axis at the 
orthorhombic to monoclinic transition, unlike the other axes. The comparison with x-ray 




Figure 3.12: Normalized lattice constants as a function of pressure for Sc2W3O12 in 
helium. Open symbols are for the orthorhombic, closed symbols are for 
the monoclinic phase. The monoclinic lattice constants for the phase 
existing above ~ 0.3 GPa have been converted to pseudo-orthorhombic 
values. Normalization of the lattice constants was done using the zero 




Figure 3.13: Comparison of the normalized lattice constants as a function of pressure 
for Sc2W3O12 in helium (denoted as “neut”) and isopropanol (“iP”). The 
monoclinic lattice constants for the phase existing above ~ 0.3 GPa have 
been converted to pseudo-orthorhombic values. Normalization of the 
lattice constants was done using the zero pressure values. The lines are 
only a guide to the eye. 
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Linear compressibilities were estimated for both phases from the change in the lattice 
constants: for the orthorhombic phase βa = 5.05(56)x10-3 GPa-1, βb = 1.83(8)x10-2 GPa-1, 
βc = 5.85(54)x10-3 GPa-1; monoclinic phase βa = 2.05(14)x10-2 GPa-1, βb = 1.95(10)x10-2 
GPa-1, βc = 2.53(20)x10-2 GPa-1. Fitting a third-order Birch-Murnaghan equation of state 
(EOS) to the P-V data gave a bulk modulus, K0, of 34(2) GPa for the orthorhombic and 
13.5(10) GPa for the monoclinic phase. The zero pressure volume/formula unit (V0) 
values were 308.95(8) Å3 and 306.56(61) Å3 for the orthorhombic and the monoclinic 
phase, respectively. The pressure derivative of the bulk modulus was fixed at 4.0 while 
fitting the data for both phases due to the limited number of data points. Table 3.4 
compares the above linear compressibility and bulk modulus data with those obtained 
from the x-ray experiment. 
 
Table 3.4: Comparison of the linear compressibilities (β), zero pressure 
volumes/formula unit (V0), bulk moduli (K0) and pressure derivatives (Kp) 
for orthorhombic and monoclinic Sc2W3O12 obtained from P-V data of 
high-pressure x-ray and neutron diffraction experiments using different 
pressure media. 
 
 X-ray diffraction 
(CHESS) in isopropanol 
X-ray diffraction (CHESS) 
in nitrogen 
Neutron diffraction 
(IPNS) in helium 
Parameter Orthorhombic Monoclinic Orthorhombic Monoclinic Orthorhombic Monoclinic 
βa (GPa-1) 6.32(16)x10-3 1.85(3)x10-2 3.78(*)x10-3 2.06(7)x10-2 5.05(56)x10-3 2.05(14)x10-2 
βb (GPa-1) 1.76(21)x10-2 1.78(3)x10-2 1.41(*)x10-2 1.80(11)x10-2 1.83(8)x10-2 1.95(10)x10-2 
βc (GPa-1) 6.84(32)x10-3 1.69(9)x10-2 4.18(*)x10-3 1.64(18)x10-2 5.85(54)x10-3 2.53(20)x10-2 
V0 (Å3) 308.75(17) 307.70(73) 309* 307(1) 308.95(8) 306.56(61) 
K0 (GPa) 31(3) 14(1) 45* 13.3(5) 34(2) 13.5(10) 
Kp 4.0(implied) 4.0(9) 4.0(implied) 4.0(implied 4.0(implied) 4.0(implied) 
*No standard deviation was estimated as only two data points were available. 
 
The linear compressibilities and the parameters obtained by EOS fitting from the 
neutron experiment show reasonably good agreement with the data from our high-
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pressure synchrotron studies. The relative differences between the x-ray and neutron data 
seem to largest in the case of the linear compressibilites along the a and c axes of the 
orthorhombic structure. These differences may be due to the different pressure-
transmitting media used (He is supposedly similar to nitrogen),100 pressure calibration 
problems as well as a possible non-zero pressure in the as-closed DAC in the isopropanol 
experiment. 
In order to examine the structural distortions that occur on compression, the Sc – O, 
W – O bond lengths, the O – Sc – O octahedral and the O – Mo – O tetrahedral angles,  
as well as the Sc – O – W bridging angles obtained from the refinements were examined. 
The variation in these parameters has been looked at before in thermal expansion studies 
targeted at determining the mechanism of the structural changes in e.g. Sc2W3O1248, 
101and Sc2Mo3O1253 on heating. Changes in the Sc – O and W - O bond lengths, as well as 
the 90o O – Sc – O octahedral and the O – Mo – O tetrahedral angles, if they occur, 
would reflect distortions of the polyhedra. They are not expected to change significantly 
up to the pressure of the phase transition in Sc2W3O12, as the ScO6 and WO4 polyhedra 
are typically considered as rigid units (strongly bonded group of atoms with highly 
correlated thermal vibrations).48 The octahedral and tetrahedral angles were reported to 
show only minor changes on heating in orthorhombic Sc2W3O12 (in the 10-450 K 
range),48 and changes in the O – Mo – O tetrahedral bond angles in Sc2Mo3O12 were 
found only at the monoclinic to orthorhombic phase transition (at 180 K) in a variable 
temperature study carried out in the 4–300 K range.53 Therefore, for this comparison, the 
O – Sc – O octahedral and the O – Mo – O tetrahedral angles were not examined. 
However, changes in the bond lengths were not insignificant in variable temperature 
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studies of Sc2W3O12 (50-823 K),101 and the previously mentioned study of Sc2Mo3O12. 
Variation in the Sc – O – W bridging angles that connect the ScO6 octahedra and the 
WO4 tetrahedra indicate tilting of the structural units. The bridging angles were expected 
to show changes on compression, as they varied on heating in both the tungstate and the 
molybdate in the above mentioned studies. There are six different bridging angles in the 
orthorhombic structure, one for each oxygen in the unit cell. The Sc – W nonbonded 
distances associated with the bridging angles were also extracted for the orthorhombic 
phase, as in case of a change in any of the bridging angles, the corresponding metal-metal 
distances would also change. The above bond lengths, metal-metal distances and bond 
angles at different pressures for the orthorhombic phase are given in Table 3.5. The 
volume per formula unit values were used for a comparison discussed later. The Sc – O 
and W – O bond distances were derived from six independent distances at each pressure 
by taking their mean. Errors on the mean Sc – O and W – O bond distances are given as 
the standard deviation amongst the independent metal-oxygen distances divided by the 
square root of the number of independent distances. For the bridging angles and the Sc – 
W distances, which are unique for all six oxygens, the standard deviations from the 









Table 3.5: Derived Sc – O, W – O bond lengths, Sc – W nonbonded distances (at the 
six different oxygen atoms; top table) and O – W bridging angles (bottom 







Sc – O 
bond (Å) 
W – O 
bond (Å) 
Sc – W 
at O1 (Å) 
Sc – W 
at O2 (Å) 
Sc – W 
at O3 (Å) 
Sc – W at 
O4 (Å) 
Sc – W 
at O5 (Å) 
Sc – W 
at O6 (Å) 
0.00 309.00 2.0850(33) 1.7640(30) 3.737(5) 3.818(4) 3.764(4) 3.734(5) 3.835(4) 3.672(4) 
0.10 307.96 2.0900(60) 1.7620(60) 3.739(8) 3.817(6) 3.737(7) 3.727(7) 3.849(7) 3.653(7) 
0.20 307.14 2.0912(80) 1.7580(80) 3.729(7) 3.810(5) 3.729(6) 3.742(6) 3.851(6) 3.651(6) 



















0.00 309.00 150.40(22) 169.60(20) 157.70(22) 148.00(20) 171.90(23) 145.30(21) 
0.10 307.96 149.80(40) 171.14(33) 154.40(40) 148.45(32) 173.50(40) 144.06(34) 
0.20 307.14 149.75(33) 172.06(27) 154.94(31) 148.34(28) 173.88(31) 144.13(30) 
0.25 306.80 149.84(30) 171.22(29) 154.20(31) 147.88(27) 173.89(31) 142.65(28) 
 
The mean Sc – O and W – O bond distances for the monoclinic phase were derived 
from 24 independent values at each pressure by taking their mean. There are 24 different 
bridging angles for the monoclinic structure, four for each of the six oxygens in the 
original orthorhombic structure. The bond lengths and the bridging angles for the 
monoclinic structure at different pressures are given in Table 3.6. The errors on the 












Table 3.6: Mean Sc – O, W – O bond lengths (top table) and Sc – O – W bridging 





Sc – O 
bond (Å) 
W – O bond 
(Å) 
0.25 2.1000(30) 1.7578(7) 
0.30 2.0956(70) 1.7593(25) 
0.35 2.0988(120) 1.7610(100) 
0.40 2.0905(120) 1.7671(97) 
0.45 2.0942(120) 1.7595(92) 
0.50 2.0941(120) 1.7608(100) 




























0.25 160.3(14) 163.0(15) 145.5(12) 146.9(13) 175.8(14) 150.3(14) 147.5(13) 134.2(12) 
0.30 155.6(13) 162.0(14) 144.1(12) 148.1(13) 173.1(14) 145.7)14) 147.1(12) 137.6(13) 
0.35 151.7(13) 168.9(15) 141.8(13) 149.2(14) 169.1(14) 145.0(14) 142.4(12) 136.3(13) 
0.40 154.8(13) 163.3(14) 145.5(13) 146.9(13) 172.2(13) 149.3(13) 143.4(13) 133.8(12) 
0.45 153.2(12) 163.3(14) 143.1(12) 147.3(12) 171.6(12) 147.2(12) 143.9(12) 134.8(13) 
0.50 154.2(14) 160.2(16) 142.2(14) 146.3(13) 169.1(14) 147.7(14) 144.9(13) 134.1(12) 




























0.25 154.4(14) 146.5(13) 159.9(13) 138.4(13) 157.8(13) 153.3(13) 162.3(14) 144.9(13) 
0.30 155.6(14) 145.2(13) 159.9(13) 137.5(13) 159.0(13) 152.4(13) 161.5(14) 146.1(13) 
0.35 149.1(14) 151.7(14) 156.1(14) 136.4(14) 152.0(13) 158.9(14) 160.0(14) 145.1(14) 
0.40 150.2(13) 147.9(13) 159.3(13) 133.5(12) 151.1(12) 156.3(13) 158.1(13) 144.5(12) 
0.45 151.0(13) 153.8(12) 161.6(12) 135.4(12) 154.2(12) 153.8(13) 161.6(13) 144.8(12) 
0.50 152.1(15) 146.0(14) 156.1(14) 133.2(14) 154.5(15) 152.5(15) 161.4(15) 144.1(14) 


























0.25 170.1(14) 152.6(12) 162.5(13) 137.5(12) 148.0(13) 137.6(10) 157.0(12) 159.1(13) 
0.30 168.1(14) 148.3(12) 161.8(13) 140.0(13) 148.0(13) 135.8(11) 156.3(12) 156.4(12) 
0.35 166.6(13) 149.8(12) 164.0(13) 142.2(12) 144.4(15) 132.3(13) 159.3(13) 160.1(13) 
0.40 169.6(12) 150.6(11) 163.6(11) 138.9(11) 146.2(12) 132.6(12) 156.7(12) 160.1(12) 
0.45 166.9(12) 150.0(11) 165.1(11) 140.6(11) 144.8(11) 130.8(11) 158.5(12) 158.8(11) 
0.50 166.4(14) 151.4(13) 166.7(13) 141.0(13) 143.3(13) 128.8(14) 155.3(14) 159.1(14) 
0.61 167.3(13) 149.6(12) 166.0(12) 141.5(12) 140.5(13) 130.0(12) 155.9(12) 158.8(13) 
 
Figure 3.14 plots average the metal-oxygen bonded distances for the entire pressure 
range that was studied. The Sc – O distance remains unchanged within our error limits on 
compression. The W – O distance may show some very small decrease over the 0-0.25 
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GPa region, and perhaps over the entire pressure range, but the errors on the individual 
data points are unfortunately too large to be sure of this. 
   
Figure 3.14: Variation of the mean Sc – O (left) and W – O bond lengths (right) as a 
function of pressure. Closed symbols: orthorhombic phase; open symbols: 
monoclinic phase. 
 
The pressure dependence of the bridging angles for the orthorhombic region is shown 
graphically in Figure 3.15. Most angles remain unchanged in the 0-0.25 GPa range, but 
the two large angles Sc1-O2-W1 and Sc1-O5-W2 seem to show a slight increase. These 
are the same angles that showed a marked decrease with temperature in a study by Weller 
et al.,101 and agree with the corresponding Sc-O-Mo angles that have been seen to 
decrease on heating in Sc2Mo3O12.53 The values for the 0.25 GPa pressure points seem to 
be systematically smaller for all six angles. This can probably be attributed to problems 
with the refinement due to correlations between the lattice parameters of the two 
coexisting phases rather than due to true bond angle changes. The errors on the derived 
angles are rather small, the error bars in the graph are barely visible even upon reducing 




Figure 3.15: Sc – O – W bond angles (bridging angles) as a function of pressure for 
orthorhombic Sc2W3O12. The size of the error bars is comparable to the 
size of the symbols. 
 
The pressure dependence of the bridging angles for both the orthorhombic and 
monoclinic phase is shown in Figure 3.16. Each of the six crystallographically unique 
bond angles of the orthorhombic structure corresponds to four bond angles in the 
monoclinic form. These four angles (open symbols) are plotted along with corresponding 
orthorhombic angle for each unique oxygen. Due to the large error bars on most of the 
monoclinic bridging angles, it is difficult to draw any conclusions based on the 
variations. Nevertheless, there seems to be a decreasing trend in some of the monoclinic 
bridging angles at O1 (graph a), O3 (graph c) and O6 (graph f). In the case of some of the 




   
   
   
Figure 3.16: Sc – W – O bridging bond angles for orthorhombic (closed symbols) and 
the four equivalent angles for monoclinic Sc2W3O12 (open symbols). The 







The nonbonded Sc – W distances at the bridging angles were also examined for the 
orthorhombic structure and are plotted along with the corresponding Sc-O-W angles in 
Figure 3.17. The data for the bridging angles and nonbonded Sc – W distances should 
correlate well with one another as any changes in the metal-metal distances arise as a 
result of changes in the bridging angle, that is, tilting of the polyhedra. However, due to 
the accuracy of the experiment in determining these values the correlation is not well 
reflected. With the too large errors on the nonbonded distances (open symbols) no 
conclusion can be made other than that the increase in the Sc1-O2-W1 and Sc1-O5-W2 
angles did not result in any decrease (and it should not, based on a previous report48) in 
the corresponding Sc – W distances. The increase in the Sc – W distance at the Sc1-O5-












   
   
   
Figure 3.17: Sc – W nonbonded distances (open symbols) and corresponding Sc-O-W 
bond angles as a function of pressure for orthorhombic Sc2W3O12. 
 
The negative thermal expansion in Sc2W3O12 is viewed as being a result of complex 
coupled twisting of the framework polyhedra in three dimensions.48 In an attempt to 
compare the mechanism of volume reduction in Sc2W3O12 on compression with the 
mechanism of volume contraction on heating, we contrasted the results from our high-
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pressure measurements with the results of Weller et al.101 obtained at ambient pressure 
over the 50-823 K temperature range. The data from the two experiments were brought to 
a common scale by examining the data as a function of volume per formula unit 
normalized to ambient conditions; zero pressure and 298 K. The overall changes in bond 
distances and angles as a function of temperature in this and other NTE materials are 
small. In addition, it is well known that apparent changes in bond distances as a function 
of temperature can occur due to correlated thermal vibrations. This was seen by Weller et 
al.,101 the apparent bond lengths obtained directly from their refinements decreased with 
increasing sample temperature, while bond lengths should increase with temperature (see 
section 1.1). Therefore they applied a correction to their bond length data to account for 
the effects of correlated thermal motion.101 Deficiencies in this correction may be the 
reason for their values being different from ours in the normalized volume region where 
they overlap (see Figure 3.18). The metal-oxygen distances and the bridging angles 
reported by Weller et al.,101 and used for our comparison, are tabulated in Table 3.7. The 
errors on the average bond distances were calculated the same way as for our high-










Table 3.7: Mean Sc – O, W – O bond lengths (top table) and Sc – O – W bridging 
angles (top and bottom table) as a function of temperature and volume per 
formula unit for orthorhombic Sc2W3O12 as reported by Weller et al.101 






Sc – O bond 
(Å) 








50.0 309.41 2.0832(56) 1.7761(22) 151.09 173.34 155.19 
100 309.25 2.0813(56) 1.7769(16) 151.34 172.60 155.40 
150 309.09 2.0794(53) 1.7749(20) 151.25 171.84 155.47 
200 308.97 2.0782(57) 1.7740(18) 151.62 170.78 155.38 
250 308.83 2.0771(40) 1.7726(29) 151.28 169.79 155.63 
298 308.69 2.0757(51) 1.7720(35) 151.41 168.96 155.79 
373 308.43 2.0682(120) 1.7766(49) 152.40 168.10 154.90 
423 308.30 2.0772(89) 1.7711(37) 150.70 167.80 154.40 
473 308.27 2.0717(110) 1.7722(69) 151.50 167.80 154.30 
523 308.06 2.0763(130) 1.7685(56) 150.60 167.30 155.20 
573 307.88 2.0688(110) 1.7722(60) 152.40 166.70 154.00 
623 307.75 2.0740(140) 1.7679(110) 151.70 167.20 155.20 
673 307.68 2.0672(120) 1.7726(140) 149.60 166.20 154.00 
723 307.49 2.0660(130) 1.7698(73) 150.40 165.90 154.20 
773 307.30 2.0717(140) 1.7635(110) 151.20 166.90 155.00 












50.0 309.41 146.82 175.34 141.63 
100 309.25 147.04 174.74 141.80 
150 309.09 147.71 174.40 142.38 
200 308.97 148.05 174.17 142.96 
250 308.83 149.12 173.52 143.30 
298 308.69 149.21 173.26 143.41 
373 308.43 149.80 173.10 144.30 
423 308.30 149.60 172.40 144.30 
473 308.27 150.80 172.30 144.70 
523 308.06 149.10 172.80 145.90 
573 307.88 150.70 172.10 144.70 
623 307.75 150.20 171.40 144.70 
673 307.68 150.90 172.30 146.70 
723 307.49 150.90 171.70 146.20 
773 307.30 150.50 170.90 146.90 
823 307.23 151.30 171.80 146.60 
 
A comparison of the variation of the Sc – O and W – O bond distances on 
compression with that seen on heating is shown in Figure 3.18. The errors on the data are 
large. There does not seem to be a trend in the variation of the Sc – O distances. 
However, the overall trend in the W – O distances suggest that both compression and 
heating results in a slight contraction of the W - O bonds (pressure and temperature 
increase to the left). The bond length being reduced on heating is unrealistic, thus the 
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observation is probably associated with an inadequate correction for correlated thermal 
motion.  
   
Figure 3.18: Variation of the average Sc – O (left) and average W – O bond length 
(right) for orthorhombic Sc2W3O12 as a function of volume per formula 
unit normalized to 0.00 GPa (our pressure data; closed symbols), and 
normalized to 298 K (Weller’s temperature data; open symbols). 
 
A similar comparison for variation of the six bridging angles of the orthorhombic 
structure is plotted in Figure 3.19. The trend already seen in the Sc-O2-W and Sc-O5-W 
angles as a function of pressure is apparent from the graphs (graphs b and e, resp.). The 
trend of increasing bridging angle versus pressure in these two cases and the 
corresponding decrease of the same angle with increasing temperature are convincing 
even with the error bars on the data points. No other trend can be seen in the pressure 
data, but the bridging angles for oxygens O4 and O6 (graphs d and f, resp.) clearly 
increase with temperature. The variations of all six the bridging angles with temperature 
from the study of Weller et al. are in agreement with the report of Evans et al.48 
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Figure 3.19: Variation of the bridging angles for orthorhombic Sc2W3O12 as a function 
of volume per formula unit normalized to 0.00 GPa (our pressure data; 
closed symbols), and normalized to 298 K (Weller’s temperature data; 
open symbols): Sc-O1-W (a), Sc-O2-W (b), Sc-O3-W (c), Sc-O4-W (d), 





The structure of Sc2W3O12 consists of a corner-sharing network of ScO6 octahedra 
and WO4 tetrahedra. In the orthorhombic form (space group Pnca), there is a single Sc 
site in the asymmetric unit and two crystallographically distinct W atoms, one (W1) on 
the twofold axis, and the other (W2) on a general position. There are six unique oxygen 
atoms. Each ScO6 octahedron corner shares with six WO4 tetrahedra, and each WO4 
corner shares with four ScO6 octahedra. This results in a relatively open framework 
structure of metal atoms linked by two-coordinate oxygens. The structure of monoclinic 
Sc2W3O12 (space group P21/a) is far more complex: the unit cell can be described by four 
Sc atoms, six W atoms and 24 O atoms. Due to the complexity of its structure as well as 
the very large error bars on our derived bond angles and as it does not display NTE, a 
more detailed analysis of interatomic distances (such as Sc – W nonbonded distances) 
and a comparison of thermal versus pressure behaviour for the monoclinic material is 
beyond the scope of this thesis. 
The large errors on our data are due to instrumental limitations.  Although we used 
the best He-gas pressure cell – neutron powder diffractometer combination currently 
available in the U.S., the large error bars on our bond distances and bond angles suggest 
that still better instrumental resolution is needed for this kind of study. The instrumental 
resolution (∆d/d) for the SEPD instrument is 0.0054 FWHM at 90o.77 Better data could be 
collected using the high resolution powder diffractometer at ISIS, UK (∆d/d = 0.002),102 
and in the future using an instrument at the Spallation Neutron Source that is being built 
in Oak Ridge National Laboratory, Oak Ridge, TN. 
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3.4.2.1 Variation in bond distances 
We saw a very small decrease in the average W – O bond length with pressure in the 
orthorhombic region (see Figures 3.14 and 3.18). However, with the large errors on the 
data, it is not possible to draw a definitive conclusion. 
 
3.4.2.2 Variation of bridging angles 
To put our observations in the context of the mechanism of negative thermal 
expansion, let us consider some earlier findings about the bridging angles. The low-
energy vibrations of the relatively rigid polyhedral groups, which is considered the basis 
of NTE in many framework materials require a certain degree of structural flexibility.103-
105 The orthorhombic to monoclinic phase transition is evidence of structural flexibility in 
these materials, given that it may be described as a static rotation of the polyhedral 
units.53 From the examination of changes in Sc-O-W bond angles, insight can be gained 
into how and to what extent the observed structural changes are related to rocking motion 
of polyhedra. For Sc2Mo3O12, it was found that the bridging bond angles at O1, O3, O4 
and O6 showed essentially no change between their average values in the monoclinic 
form and the single value in the orthorhombic form. The average bond angles each 
showed a smooth trend, gradually increasing with temperature with essentially no 
discontinuity at the phase transition. However, angles at O2 and O5 showed a sharp 
increase in value at the monoclinic to orthorhombic phase transition.53 The same two 
angles (Sc1-O2-W1 and Sc1-O5-W2) showed a significant decrease with temperature in 
the two variable temperature studies on Sc2W3O12, while Sc1-O4-W1 and Sc1-O6-W2 
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both increased monotonically. Sc1-O1-W2 and Sc1-O3-W2 did not change 
significantly.48, 101 
However, on compression the behavior of the orthorhombic bridging angles Sc1-O2-
W1 and Sc1-O5-W2 seems to be different. We already pointed out based on our high-
pressure x-ray results that the mechanism for volume reduction on compression is 
apparently different from what is seen on heating (see section 3.3.2). The b-axis, which 
displays normal positive thermal expansion, was found to show the greatest 
compressibility. The observation that both the Sc1-O2-W1 and Sc1-O5-W2 bridging 
angles increase (see Figures 3.15 through 3.17), while they decrease on heating, also 
supports the point about the difference in volume reduction mechanism. The difference in 
the behavior of the above two bridging angles on compression and heating, respectively, 
is the most apparent in the b and e parts of Figure 3.19. The observation that the changes 
seen in the bridging angles are very small suggests that volume reduction on compression 
is not accompanied with significant polyhedral tilting as was found for volume reduction 
on heating. 
One more thing can be stated based on the comparison of the temperature and 
pressure behavior of Sc2W3O12 (and Sc2Mo3O12): this is the difference in anisotropy of 
the volume reduction. This high-pressure neutron study confirmed our high-pressure x-
ray diffraction results: while the NTE (volume reduction) in the orthorhombic material is 
highly anisotropic, on compression it is much more isotropic. All three axes contract on 
compression, as a matter of fact, the b axis contracts even more than a and c, indicating 
that the anisotropy, in a sense, reversed. The very small variation in the bond distances 
and angles is consistent with a more isotropic behavior on compression. 
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3.5 Sc2Mo3O12 and Al2W3O12 – A high-pressure synchrotron x-ray diffraction study 
3.5.1 Results for Sc2Mo3O12 
A selection of the recorded diffraction patterns for Sc2Mo3O12 is shown in Figure 
3.20. The diffraction data are consistent with a transition from the ambient pressure and 
temperature orthorhombic structure (Space group: Pnca) to a monoclinic structure (Space 
group: P21/a) at around 0.3 GPa. At ambient pressure this monoclinic structure is only 
seen for Sc2Mo3O12 at low temperatures (< 180K).47, 49, 53 Rietveld fits to the diffraction 
patterns indicate the onset of this transition is at ~0.24 GPa , with an approximate 50:50 
mix of orthorhombic and monoclinic material in the 0.3-0.35 GPa range and almost 
complete transformation to monoclinic material by 0.6 GPa. A second transition giving a 
phase with unidentified symmetry was observed in the range 2.2-2.5 GPa. Further 
compression to ~7.9 GPa resulted in considerable peak broadening and a very weak 
diffraction pattern, but not complete amorphization. Decompression at ambient 
temperature did not lead to recovery of the starting orthorhombic phase; some weak 
Bragg peaks were seen from the decompressed material, but they were not readily 
























Figure 3.20: Powder diffraction patterns as a function of pressure for Sc2Mo3O12. 
Arrows indicate the location of peaks that are characteristic of the 
monoclinic phase. The data were collected at 25 keV (λ = 0.496 Å). 
 
Lattice constants for the orthorhombic and monoclinic phases, derived from LeBail 
fits to the data using GSAS, are shown as a function of pressure in Table 3.8. In order to 
examine the changes in linear compressibility through the phase transformation, the 
primitive monoclinic lattice constants were transformed to a new A-centered monoclinic 
lattice that is pseudo orthorhombic with am ~ ao, bm ~ 2co, cm ~ 2bo and αm ~ 90º. This can 
be done because the structures of the monoclinic and orthorhombic phases are very 
closely related to one another,53 and it was carried out using the transformation matrix (0 
1 0; 0 0 -1; -2 0 -1) as in section 3.3.1. The transformed pseudo-orthorhombic lattice 






Table 3.8: Sc2(MoO4)3 lattice constants as of a function of pressure in isopropanol 
pressure- transmitting medium. Derived pseudo-orthorhombic values are 
given for the monoclinic phase along with the primitive monoclinic lattice 
constants that were directly determined from the diffraction data. At 0.29 
and 0.36 GPa, both phases were present in significant amounts. Percentages 
of the first column indicate the weight percentage of the two coexisting 
phases as estimated from Rietveld fits to the data (the balance is the 
pressure calibrant NaCl). 
 
Pressure 
(GPa) Symmetry a, Å b, Å c, Å β or α, deg Volume, Å
3 
0.08 Orthorhombic 9.6305(4) 13.2271(6) 9.5368(4) 90.000 1214.83(12) 
0.12 Orthorhombic 9.6262(3) 13.2252(4) 9.5345(3) 90.000 1213.82(8) 
0.18 Orthorhombic 9.6254(3) 13.2078(5) 9.5303(3) 90.000 1211.58(9) 
0.24  39.7 % 











0.29  24.3 % 
 



















0.36  21.4 % 
 



















0.60  4.4 % 
 


























































































The variation of both the orthorhombic and pseudo-orthorhombic lattice parameters is 
plotted in Figures 3.21 and 3.22. The orthorhombic phase displays highly anisotropic 
compressibility, with the b axis much softer (βb = 1.7(2)x10-2 GPa-1) than the a- and c-
axes (βa = 6(1)x10-3 GPa-1  and  βc = 6.7(2)x10-3 GPa-1, respectively). The b-axis varies 
 
 140
almost continuously through the phase transition, but there is a sharp discontinuity in the 
a- and c-axes associated with a pronounced softening in these directions at the phase 
transition. The monoclinic phase displays almost isotropic compressibility. The 
corresponding linear compressibilities are: βa = 1.73(4)x10-2 GPa-1, βb = 1.65(3)x10-2 


















Figure 3.21: Normalized lattice constants of Sc2Mo3O12 as a function of pressure. The 
monoclinic lattice constants for the phase existing between 0.29-2.50 GPa 
have been converted to pseudo-orthorhombic values. The inset shows the 
orthorhombic region (0 – 0.24 GPa). The lines are only a guide to the eye. 
Solid circles: a/a0 orthorhombic, solid squares: b/b0 orthorhombic, solid 
triangles: c/c0 orthorhombic, open circles:  a/a0 monoclinic, open squares: 
















Figure 3.22: Orthorhombic and pseudo-orthorhombic angles α as a function of pressure 
for Sc2Mo3O12. The lines are only a guide to the eye. Circles: 
orthorhombic, squares: monoclinic. 
 
The variation of normalized volume with pressure is shown in Figure 3.23. There is a 
<1% decrease in volume prior to the phase transition and an ~2% decrease at the 
transition itself. Fitting an EOS to the volume data gave bulk a modulus (K0) of 32(2) 
GPa for the orthorhombic and 16(1) GPa for the monoclinic phase, indicating that, like 
Sc2W3O12, Sc2Mo3O12 displays an unusual compressibility collapse on going through the 
phase transition. The pressure derivatives were 4.0 (implied value) and 4(1), the zero 


















Figure 3.23: Normalized unit cell volume as a function of pressure for Sc2Mo3O12. 
Circles: orthorhombic, squares: monoclinic.  
 
3.5.2 Results for Al2W3O12 
A selection of the diffraction patterns recorded for Al2W3O12 is shown in Figure 3.24. 
The data are consistent with a transition from the ambient pressure and temperature 
orthorhombic structure (Pnca) to a monoclinic structure (P21/a) at ~0.1 GPa. At ambient 
pressure this monoclinic structure forms on cooling to < 267K.47 Rietveld fits to the 
diffraction patterns indicate the onset of this transition is at < 0.08 GPa, our first pressure 
point with an approximate 3:2 mix of orthorhombic and monoclinic material by 0.14 
GPa, and complete transformation to monoclinic material at < 0.24 GPa. Unlike 
Sc2Mo3O12, the diffraction data do not clearly indicate any further crystalline to 
crystalline phase transitions, although above 4 GPa the peak broadening is sufficiently 
great that subtle changes could easily be missed. By 7.0 GPa the diffraction data showed 
only weak broad peaks, but on decompression the quality of the diffraction pattern 
improved dramatically and showed well defined Bragg peaks, with some broadening over 
and above that seen during the initial stages of compression, consistent with the recovery 
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of the monoclinic, not the starting orthorhombic structure. NaCl peak positions for this 
sample indicate a residual "pressure" of ~ 0.18 GPa. 




















Figure 3.24: Powder diffraction patterns as a function of pressure for Al2W3O12. 
Arrows indicate the location of peaks that are characteristic of the 
monoclinic phase. The data were collected at 25 keV (λ = 0.496 Å). 
 
Lattice constants for the orthorhombic and monoclinic phases, derived from LeBail 
fits to the data using GSAS, are shown as a function of pressure in Table 3.9 along with 
pseudo-orthorhombic values for the monoclinic phase that were derived by 







Table 3.9: Al2(WO4)3 lattice constants as of a function of pressure in isopropanol 
pressure-transmitting medium. The values were determined the same way 
as those of Table 3.4. At 0.08 and 0.14 GPa, both phases were present in 
significant amounts. In the first column weight percentage for the two 




(GPa) Symmetry a, Å b, Å c, Å β or α, deg Volume, Å
3 
0.02 Orthorhombic 9.1367(3) 12.5940(4) 9.0553(3) 90.000 1041.97(5) 
0.08  24.7 % 
 



















0.14  19.4 % 
 



















































































































































































As we have only one dataset at pressures where only the orthorhombic phase was 
present (0.02 GPa) and a further dataset at a pressure where the orthorhombic phase is 
dominant (0.08 GPa) there is insufficient data for a reliable determination of linear 
compressibilities for the orthorhombic phase. (The linear compressibilities obtained for 
the orthorhombic phase based on only the 2 data points are: βa = 7.66x10-3 GPa-1, βb = 
8.34x10-3 GPa-1 and βc = 8.84x10-3 GPa-1.)  The orthorhombic lattice constants from the 
0.14 GPa data appear to be in error, probably due to correlations between the lattice 
constants of the closely related monoclinic and orthorhombic structures. However, based 
on the limited data that is available, the anisotropy in the compressibility seems to be less 
than that for Sc2Mo3O12. The orthorhombic and pseudo-orthorhombic lattice parameters 
are plotted in Figures 3.25 and 3.26. In Figure 3.25, we can see that the b-axis varies in 
an almost continuous fashion through the phase transition, but there is a sharp 
discontinuity in both the a- and c-axes associated with the phase transition. The 
monoclinic phase displays almost isotropic compressibility (with linear compressibilities 
of: βa = 1.07(2)x10-2 GPa-1, βb = 8.4(1)x10-3 GPa-1  and  βc = 9.3(4)x10-3 GPa-1), there is 
an apparent softening at > 3.7 GPa that may indicate a phase transition that is not clearly 


















Figure 3.25: Normalized lattice constants for Al2W3O12 as a function of pressure. The 
monoclinic lattice constants for the phase existing between 0.14-4.03 GPa 
have been converted to pseudo-orthorhombic values. The inset shows the 
orthorhombic region (0 – 0.08 GPa). The lines are only a guide to the eye. 
Solid circles: a/a0 orthorhombic, solid squares: b/b0 orthorhombic, solid 
triangles: c/c0 orthorhombic, open circles:  a/a0 monoclinic, open squares: 














Figure 3.26: Orthorhombic and pseudo-orthorhombic angles α as a function of pressure 
for Al2W3O12. The line is only a guide to the eye. Circles: orthorhombic, 
squares: monoclinic. 
 
The variation of normalized volume with pressure is shown in Figure 3.27. There is a 
volume decrease at the phase transition of ~ 2%. Fitting an EOS to the volume data gave 
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bulk a modulus (K0) of 48 GPa for the orthorhombic, based on only two points, and 28(1) 
GPa for the monoclinic phase. The pressure derivatives were 4.0 (implied value) and 
3.7(7), the zero pressure volumes were 260.61 Å3 and 257.14(28) Å3 per formula unit, 
respectively, suggesting that, like Sc2W3O12 and Sc2Mo3O12, Al2W3O12 may also display 















Figure 3.27: Normalized unit cell volume as a function of pressure for Al2W3O12. 
Circles: orthorhombic, squares: monoclinic. 
 
3.5.3 Discussion 
The phase transition pressures seen for Sc2Mo3O12 in our monochromatic diffraction 
study (~0.3 GPa and ~2.4 GPa) are in reasonable agreement with those previously 
reported for this compound based on Raman and EDXRD data (0.3 GPa and 2.7 GPa),42 
and they are close to those observed in our previous study of Sc2W3O12 (0.3 and 2.8 
GPa).100 Comparison of the diffraction data for the phase formed at > 2.4 GPa with the 
corresponding data for Sc2W3O12100 suggests that this, as yet unidentified phase, has the 
same structure as the corresponding tungstate. The bulk moduli for the orthorhombic and 
monoclinic forms of Sc2Mo3O12 (32(2) and 16(1) GPa, respectively) are also very close 
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to those that we previously determined for Sc2W3O12 (31(3) and 14(1) GPa, respectively). 
The anisotropy of the compressibility that is seen in orthorhombic Sc2Mo3O12 is also seen 
in the corresponding tungstate.100 Clearly, the replacement of tungsten by molybdenum in 
Sc2W3O12 leads to little change in the high-pressure properties of the material, even 
though at ambient pressure the two compounds have markedly different temperatures for 
their ferroelastic orthorhombic to monoclinic phase transitions;47 the tungstate does not 
undergo this transition above 10 K,48 but the molybdate undergoes this transition at 180 
K.53 The behaviour of the orthorhombic/pseudo-orthorhombic lattice constants on 
compression for the two scandium compounds is also very similar with sharp 
discontinuities in the a and c lattice constants, but an almost continuous variation of the 
b-axis through the transition (Figures 3.8 and 3.21, Tables 3.1, 3.2 and 3.8). Interestingly, 
similar behaviour is seen for Sc2Mo3O12 at ambient pressure as the temperature is varied 
(see Figure 3.2).53 There is a 0.15 % increase in the b-axis length on cooling through the 
transition to get monoclinic material, but decreases of nearly 1 % for the a- and c-axes. 
The overall volume decrease (1.5 %) associated with the thermally induced transition is 
similar to that seen for the pressure-induced transition. As previously pointed out for the 
tungstate,100 the structural changes accompanying volume reduction on compression of 
the orthorhombic phase must be different from those involved in the volume reduction 
that occurs on heating at ambient pressure as the a- and c-axes have negative coefficients 
of thermal expansion (CTE), but the b-axis has a positive CTE, 53 whereas all axis lengths 
decrease on compression. 
The behaviour of Al2W3O12 on compression is different from that of both Sc2W3O12 
and Sc2Mo3O12. The orthorhombic to monoclinic transformation is seen at lower pressure 
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(onset <0.08 GPa) for the aluminum compound than for the tungsten compounds, 
although in a previous Raman study it was reported to occur at 0.28 GPa,43 and a second 
crystalline to crystalline phase transition, analogous to those seen at ~ 2.6 GPa in the two 
scandium compounds is not observed; there are no major changes in the powder 
diffraction patterns of Al2W3O12 in the pressure range 0.15 to 4.0 GPa. However, a prior 
Raman study of this compound indicated that there was a second transition at 2.8 GPa.43 
Careful inspection of the lattice constants and unit cell volumes derived from our study 
(see Figures 3.25 and 3.27) seems to show a slight softening above 2.6 GPa that is 
coincident with a change in the pressure dependence of the monoclinic angle (see Figure 
3.26). These changes may be an indication of a transition that has only subtle effects on 
the diffraction pattern. In the prior high pressure Raman study of Al2(WO4)3,43 it was 
stated that the phase existing above 2.8 GPa probably contained WO4 tetrahedra with 
smaller distortions than those in the MoO4 tetrahedra of Sc2Mo3O12 at pressures above 
2.7 GPa; this is consistent with our observation of an obvious structural change in the 
molybdate but no obvious change in the case of Al2W3O12. 
The phase coexistence that is associated with the pressure induced orthorhombic to 
monoclinic transitions in both Sc2Mo3O12 and Al2W3O12, suggests that there is hysteresis 
associated with the transition. This introduces uncertainty into the estimation of the true 
thermodynamic phase transition pressure from our data. However, the onset pressures for 
the transitions observed in our measurements (< 0.08 GPa for Al2W3O12 , < 0.24 GPa for 
Sc2Mo3O12 and < 0.28 GPa for Sc2W3O12100) are consistent with the rationalization that 
was put forward by Sleight47, 49 for the composition dependence of the orthorhombic-
monoclinic phase transition temperature at ambient pressure within the series of 
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molybdates or tungstates. He argued that as the electronegativity of the A3+ cation 
increases (aluminum is more electronegative than scandium), there is less negative charge 
on the oxide ions and consequently less repulsion between oxide ions resisting a volume 
collapse giving the monoclinic structure at higher temperatures. Based on this argument 
we would expect a lower phase transition pressure for Al2W3O12 than for Sc2W3O12. 
The available, somewhat limited, diffraction data suggest that orthorhombic 
Al2W3O12 does not have a strongly anisotropic compressibility in contrast to what is seen 
for the scandium compounds and to the large anisotropy of the thermal expansion seen 
for Al2W3O12; by dilatometry the thermal expansion coefficients determined from a 
single crystal were αa = -1.69x10-6 oC-1, αb = 8.31x10-6 oC-1 and αc = -0.15x10-6 oC-1.51 
The volume thermal expansion implied by these numbers corresponds to an intermediate 
thermal expansion material (αV ≅ 6.5x10-6 oC-1), which is not in agreement with 
dilatometry results reported by Evans et al.49 The difference may be due to both extrinsic 
effects associated with microstructure changes as a function of temperature as well as 
differences from the experimental conditions, such as instruments used, single crystal 
versus powder sample (or ceramic bar) and measurement errors.54 While the estimated 
bulk modulus for orthorhombic Al2W3O12 (~48 GPa) is somewhat uncertain due to the 
limited amount of data that was available at very low pressure (only two data points), it is 
considerably larger than that for Sc2Mo3O12 and Sc2W3O12 (32(2) and 31(3) GPa, 
respectively). Additionally, the bulk modulus of the monoclinic aluminum tungstate, 
28(1) GPa, is also much larger than those for the two scandium compounds (16(1) GPa 
for the molybdate and 14(1) GPa for the tungstate). The considerable increase in bulk 
modulus on going from the scandium compounds to aluminum tungstate can be 
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rationalized by considering the packing densities of the different compounds; at ambient 
temperature and pressure, each oxygen in the orthorhombic scandium molybdate 
occupies a volume of ~ 25.5 Å3,53 but for Al2W3O12, the volume per oxygen is only ~21.6 
Å3.68 The greater oxygen packing density in the aluminum compound will lead to more 
oxygen-oxygen repulsion on compression and a higher bulk modulus. The packing 
density in the monoclinic aluminum compound is also much higher than that in 
monoclinic scandium molybdate, so a similar rationalization of their relative bulk moduli 
can be used. However, this simplistic rationalization does not seem to be fully consistent 
with Sleight's explanation47, 49 for the composition dependence of the orthorhombic-
monoclinic phase transition temperature at ambient pressure within the series of 
molybdates or tungstates that was mentioned in the previous paragraph. A comprehensive 
understanding of how changes in A3+ influence the phase transition temperatures and 
pressures, and the compressibility's of both the orthorhombic and monoclinic phases can 
probably only be achieved by considering entropic as well as enthalpic factors. There is 
presumably a significant loss of vibrational entropy on going from the orthorhombic to 
the monoclinic phase and this entropy change will be dependent on the identity of A3+, as 
the nature of this cation can affect the unit cell volume quite dramatically and hence 
change the phonon density of states. 
 
3.6 Yb2W3O12 – A high-pressure synchrotron x-ray diffraction experiment 
High-pressure x-ray diffraction measurements on Yb2W3O12 in a nitrogen pressure 
medium did not unambiguously confirm an orthorhombic to monoclinic phase transition 
in the material. Due to the difficulties in controlling the pressure upon closing the four-
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post DAC under liquid nitrogen, the starting pressure of the experiment was very high (1 
GPa). This and the poor quality of the data, which in part may be due to the 
hygroscopicity of Yb2W3O12, made phase identification difficult, but the pattern of the 
material at 1 GPa shows great similarity to those of monoclinic Sc2W3O12 and Al2W3O12. 
Although no pressure for a possible crystalline to crystalline phase transition or 
compressibility could be determined, the experiment revealed a pressure-induced 
amorphization in Yb2W3O12 starting slightly below 5 GPa, leading to complete loss of 
long-range order by 6.46 GPa (see Figure 3.28). No crystalline phase was recovered upon 
pressure-release. 
The amorphization of Yb2W3O12 at lower pressure relative to Sc2W3O12 (no PIA up to 
10 GPa), Sc2Mo3O12 (PIA not complete at 8 GPa) and Al2W3O12 (PIA not complete at 7 
GPa) may indicate a decreasing amorphization pressure with an increasing size of the A3+ 
cation. The hygroscopic nature of this rare earth tungstate presents a limitation to the 






















Figure 3.28: Powder diffraction patterns as a function of pressure for Yb2W3O12. 
Complete, irreversible amorphization was seen by 6.46 GPa. The data 
were collected at 25 keV (λ = 0.496 Å). 
 
3.7 Conclusions 
Orthorhombic Sc2(WO4)3 displays highly anisotropic compressibility with a volume 
reduction mechanism that is different for that observed on heating this negative thermal 
expansion material. At ~ 0.28 GPa it transforms to an isotropically compressible 
monoclinic structure that is much softer than the orthorhombic phase. The orthorhombic- 
monoclinic phase transition pressure in A2W3O12 compounds apparently does not display 
a strong dependence on the nature of A even though the temperature of this transition at 
ambient pressure is strongly dependent on A. At ~ 2.8 GPa the monoclinic phase 
transforms to an as yet unidentified crystal structure. This transition is not reversible on 
decompression. In contrast to prior work in a multi-anvil apparatus, pressure induced 
amorphization was not observed at < 10 GPa.39 
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The replacement of tungsten in Sc2W3O12 by molybdenum to give Sc2Mo3O12 leads to 
no major changes in the high pressure behavior of the material. The nature of the high 
pressure phases that occur, the transition pressures and their compressibilities are almost 
the same. However, Al2W3O12 displays quite different high pressure behavior. The phase 
that appears on compression of either of the scandium compounds to ~ 2.7 GPa is not 
formed on compression of the aluminum compound, and the bulk moduli for monoclinic 
Al2W3O12, and probably the orthorhombic phase as well, are much higher than those for 
the corresponding scandium tungstate and molybdate phases. Sc2Mo3O12, Sc2W3O12 and, 
probably, Al2W3O12 all show a compressibility collapse at their orthorhombic to 
monoclinic transition pressures; the bulk modulus of the high pressure phase is lower 
than that of the high-pressure phase. 
Yb2W3O12 shows pressure-induced amorphization at lower pressures than the above 
three materials. Similar high-pressure studies on several rare earth tungstates and 
molybdates would be necessary to find out whether this is common to the other rare earth 
containing members of the A2M3O12 family. In addition to their hygroscopic nature and 
their cost, this can be another limitation to their usability as NTE components in 
composites. 
Our high-pressure neutron diffraction study further proved that the mechanism of 
volume reduction must be different on compression than on heating. The data, in 
accordance with our synchrotron x-ray results suggest a difference in the anisotropy of 
the volume reduction on compression versus on heating: the volume reduction in 
Sc2W3O12 and Sc2Mo3O12 is much more isotropic on compression than on heating. The 
apparently very small variation in the bond distances and angles on compression seem to 
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be in accordance with a more isotropic behavior. It was not possible to draw more 
definitive conclusions based on the small changes seen in the orthorhombic Sc2W3O12 
bond distances and angles due to the large errors on our data other than that the small 
changes in the Sc-O-W bridging angles are not consistent with the volume reduction 
mechanism responsible for the NTE because they do not reflect a similar polyhedral 
tilting that is clearly detectable during volume reduction on heating. 
Data of higher quality would be needed for a better picture of the finite changes we 
looked for. A more sophisticated refinement strategy called “rigid body refinement”, 
which treats the polyhedra as individual structural units during the analysis could also 
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CHAPTER 4  
 





The behavior of cubic ZrW2O8 and ZrMo2O8 on compression in a DAC was examined 
in-situ by a combination of synchrotron XRD and XAS. The data for ZrW2O8 were 
compared with x-ray absorption measurements on an amorphous sample recovered from 
7.5 GPa in a multi-anvil apparatus. The in-situ data for ZrW2O8 show amorphization 
onset at > 2.4 GPa with completion at < 7.6 GPa. For ZrMo2O8, the onset was at 1.7 with 
completion at 4.1 GPa. The local structure in ZrW2O8 as indicated by the W LI pre-edge 
and the average W-O distance from EXAFS continues to evolve as the material is 
compressed into an amorphous state. The data are consistent with a move towards a more 
centrosymmetric tungsten coordination environment as the pressure is increased. These 
observations are inconsistent with a model for the amorphization that simply involves a 
loss of orientational order amongst existing coordination polyhedra. The XANES data for 
the amorphous sample recovered from the multi-anvil apparatus are unlike any of the 
XANES seen in the in-situ measurements indicating that either the local structure in the 
glassy material relaxes on decompression or that the differing stress states that the 
samples have experienced result in different local structures. The XANES for the 
recovered sample are very similar to those for ammonium paratungstate, a material that 




results on ZrMo2O8 reflect a less pronounced change in Mo coordination on 
amorphization, but still a move towards a more centrosymmetric local environment. 
 
4.1 Introduction 
Since the amorphization of hexagonal ice was discovered under compression,1 
pressure-induced amorphization (PIA) has been observed for many different materials.2-11 
The phenomenon is not uncommon for framework structures and it has been observed at 
unusually low pressures in several negative thermal expansion (NTE) materials.12-15 A 
possible theoretical link between NTE and PIA has been suggested by some authors.16 
Negative thermal expansion materials have received considerable attention in the last 
decade,17-19 driven by a combination of scientific curiosity and technological interest, as 
they are of potential value in composites with tailored thermal expansion. The relatively 
low density and highly flexible framework structures found for many NTE materials 
combined with the necessary presence of lattice modes that soften on volume reduction20-
27 predisposes them to a rich behavior at high pressures. Pressure-induced crystalline to 
crystalline phase transitions have been reported for cubic ZrW2O8,23, 24, 28-31 cubic 
HfW2O8,25, 32 cubic ZrMo2O8,33, 34 cubic HfMo2O8,33 ZrV2O7,35 Sc2W3O12,36 Sc2Mo3O1237 
and Al2W3O1238, 39 as well as PIA at low pressures in ZrMo2O812, ZrW2O814, Sc2W3O12,40 
Sc2Mo3O1241 and Lu2W3O12.42 Typically, the volume thermal expansion coefficient of the 
high-pressure phase is significantly larger (more positive) than for the original material. 
For example in ZrW2O8, NTE is changed by about an order of magnitude on 




phase transformation is detrimental to some possible applications, as composites 
containing NTE materials may be subjected to high pressures during processing.43-45 
Cubic ZrW2O8 has been the subject of many studies as it displays isotropic NTE over 
a very wide temperature range.46, 47 Its structure,46, 48, 49 thermal expansion mechanism26, 
47, 50-54 and high-pressure behavior have been examined.14, 21-24, 28, 30, 55 Work on 
controlled thermal expansion composites for use in precision optical devices has also 
been conducted.56 The framework consists of corner-sharing ZrO6 octahedra and WO4 
tetrahedra with all of the oxygens of the ZrO6 octahedra bridging to tungsten but one 
oxygen in each tetrahedron in a terminal position, giving rise to considerable structural 
flexibility (see Figure 1.5).48 This flexibility plays an important role in the unusual 
properties of cubic ZrW2O8.46, 47 There is an order-disorder phase transition at around 430 
K going from space group P213 to Pa3 , leading to an increase in the thermal expansion 
coefficient at this temperature (see Figure 1.12).46 The material displays isotropic NTE 
with (see Figure 1.4) a linear coefficient of thermal expansion (CTE) of -8.8×10-6 K-1 
below the temperature of the phase transition (0.3 - 430 K range) and –4.9 × 10-6 K-1 
above the phase transition (430 - 690 K) resulting in an average CTE of -8.7×10-6 K-1 
over the range of 0.3 – 690 K.47 From a local structure perspective, the negative thermal 
expansion can be viewed as originating in the transverse thermal vibrations of bridging 
oxygen atoms (see Figure 1.10).47 From the perspective of lattice dynamics, the NTE 
apparently primarily originates from low-energy vibrations in which the WO4 and ZrO6 
polyhedra are essentially rigid.21, 54, 57-60 In a high-pressure inelastic neutron diffraction 
study of cubic ZrW2O8 the negative thermal expansion was attributed to modes below 8 




Grüneisen parameters.21 However, some high-pressure Raman spectroscopic studies have 
indicated that in addition to the low-frequency rigid unit modes, several other modes also 
have negative Grüneisen parameters and hence contribute to the NTE.23, 61 
Cubic ZrMo2O8 shows isotropic NTE between 11 K and 573 K with a linear thermal 
expansion coefficient of ~ -4.9 x 10-6 K-1 (see Figure 4.1).62 It adopts the disordered β-
ZrW2O8 structure and thus consist of a flexible network of corner-sharing ZrO6 octahedra 
and MoO4 tetrahedra. Unlike cubic ZrW2O8 it undergoes no reversible structural phase 
transitions at atmospheric pressure. The lack of structural phase transition within its 
range of stability is potentially beneficial from the applications point of view as the 
thermal expansion coefficient displays no discontinuity. Cubic ZrMo2O8 irreversibly 




Figure 4.1: Thermal expansion of cubic ZrMo2O8 determined by both neutron (solid 






High-pressure studies of cubic ZrW2O8 have uncovered a transition to orthorhombic 
γ-ZrW2O8 starting at ~ 0.2 GPa,28, 29 followed by progressive PIA in the range 1.5 to 3.5 
GPa.14, 23, 24 The glassy phases resulting from pressure-induced amorphization are often 
considered to be metastable intermediates between a crystalline starting material and one 
or more crystalline products. The glass forms as a result of kinetic hindrance to the 
equilibrium transformation. As was discussed in section 1.3.1, numerous structural 
mechanisms have been proposed for pressure-induced amorphization, some of which are 
related and can be simultaneously in operation. Based on ex-situ high-pressure x-ray 
diffraction and Raman spectroscopic studies on cubic ZrW2O8, it has been proposed that 
above 1.5 GPa, tilting and deformation of the ZrO6 and WO4 polyhedra leads to a loss of 
crystallinity as the material becomes denser.14 In-situ high pressure neutron diffraction 
experiments were interpreted in terms of tungsten with 4-, 4+1- and 4+2-coordination in 
the orthorhombic γ-phase.28 On the basis of high-pressure simulations, it has been argued 
that these extra tungsten-oxygen "short" contacts do not play a big role in bonding and 
that the structure of the orthorhombic (γ) phase should really be viewed as consisting of 
WO4 tetrahedra with some oxygens that are close to the tetrahedra and impede large 
amplitude vibrations involving their motion.60 This same simulation study proposed that, 
at high pressure, major coordination changes involving the zirconium were more likely 
than those involving tungsten.60 Raman studies of ZrW2O8 were interpreted as indicating 
amorphization at 2.2 GPa due to a kinetically hindered pressure-induced decomposition 
into its constituent oxides.23, 24 The preparation of a new ZrW2O8 polymorph with a 
cation-disordered α-U3O8-type structure by heating a pressure-amorphized sample under 




number.55 The Zr and W cations in this structure display 6+1 coordination,55 indicating 
that the tetrahedral coordination of tungsten in cubic ZrW2O8 and the predominantly 4+1 
coordination of tungsten in orthorhombic ZrW2O828 is unstable at high pressure. 
Cubic ZrMo2O8 does not undergo any phase transformations under hydrostatic 
conditions at pressures below 0.6 GPa,62 but it was reported to undergo a fully reversible 
1st order phase transition between 0.7 and 2.0 GPa at room temperature under quasi-
hydrostatic conditions.33 At higher pressure or under non-hydrostatic conditions, 
ZrMo2O8 becomes amorphous. As recently reported by Grzechnik et al., on the 
simultaneous application of temperature and pressure, up to the onset of amorphization at 
1.3 GPa, the recovered products from temperatures up to about 400 oC are a mixture of 
the thermodynamically stable monoclinic polymorph and the trigonal phase. At pressures 
between 1.3 and 4 GPa and up to 790 oC (even at 1.3 GPa above 545 oC), the material 
adopts the monoclinic structure. Quenching from temperatures in the range 740-825 oC 
and above 4 GPa, the recovered crystalline phases consist of a mixture of several phases 
in the ZrO2-MoO3 system, including a high-temperature high-pressure phase of MoO3.34 
The materials that crystallized from amorphous ZrMo2O8 at higher pressures were found 
to be phases with five- and six-fold coordinated Mo atoms.34 From pressures of up to 4.0 
GPa, the obtained sample is monoclinic ZrMo2O8 with infinite ribbons of edge-sharing 
ZrO8 polyhedra and MoO5 tetragonal pyramids or highly distorted MoO6 octahedra.64 
The recovered crystalline phases from above 4.0 GPa, in addition to several phases in the 
ZrO2-MoO3 system (not explicitly mentioned), include the layered high-pressure, high-
temperature form of MoO3 (P21/m) with all the Mo atoms in octahedral coordination.65, 66 




denser polymorph might be responsible for PIA at lower pressures (< 4 GPa), but a 
kinetically hindered decomposition may play a role in PIA at higher pressures. 
The high-pressure behavior of trigonal ZrMo2O8 has also been investigated. 
Reversible phase transitions were observed to monoclinic (at 1.1 GPa) and triclinic 
phases (at 2-2.5 GPa).67, 68 The new polymorphs formed on compressing the trigonal 
phase were different from the material obtained on compressing the cubic material.33 
In order to directly probe the mechanism of amorphization in ZrW2O8 and ZrMo2O8, 
in-situ high-pressure measurements examining local structure are desirable. An in-situ 
experiment avoids structural relaxation on pressure release, a phenomenon that is well 
known in high-pressure studies of glasses,69, 70 and facilitates the study of changes in the 
structure during compression and decompression. The local structure of glasses can be 
probed directly by total scattering using x-rays71-73 or neutrons,74 x-ray absorption 
spectroscopy (XAS)72 and other spectroscopic probes such as NMR,75, 76 but the use of 
these techniques at high pressure is nontrivial. Pair distribution function (PDF) analysis 
using x-ray total scattering data recorded from samples in diamond anvil cells (DACs) 
has been employed to study local structure under pressure,77, 78 but the methodology is 
still under development.78 High-pressure XAS (EXAFS and XANES)79 has been 
practiced for many years80 and is somewhat better developed, but still experimentally 
very challenging. Systems studied by high pressure XAS include iron,81 copper,82 
gallium,83 germanium,84-86 krypton,87, 88 metal halides,84, 89 a wide variety of III-V,90-92 
III-VI93 and II-VI92, 94 semiconductors, the framework oxides ReO395 and KNbO3,96 rare 
earth oxides,97, 98 GeO2,99 germanium oxide glasses,100 germanium nitrides,101 and 




measurements at high pressure is diffraction from diamonds if a DAC is employed. This 
diffraction can make a strong contribution to the measured attenuation of the sample and 
cell assembly at certain x-ray energies and orientations of the diamonds.84, 103, 104 This 
leads to unwanted and potentially quite broad peaks (glitches) in the absorption spectra. 
There are a number of methods for avoiding these glitches. Energy dispersive EXAFS 
with a DAC facilitates the rapid screening of cell orientations for one that has no or very 
few glitches.105, 106 The use of polycrystalline B4C for both anvils eliminates the problem 
at the expense of complicating pressure calibration as the optically opaque anvils 
preclude the use of the ruby fluorescence method;80 some workers have opted to use one 
diamond and one polycrystalline anvil to get around this issue.80, 94 Data can be taken 
using a DAC by employing a low atomic number gasket and recording spectra through 
the gasket rather than the diamonds.97, 98 A multi-anvil apparatus can be employed.85 If 
transmission data is recorded through the diamonds of a DAC, the glitches can in 
principle be eliminated by measuring spectra at several different orientations of the cell, 
so that the glitches appear at different energies, and producing a composite spectrum.79 
Here we report an in-situ high-pressure, combined XAS and diffraction study of cubic 
ZrW2O8 and cubic ZrMo2O8. Diffraction probes the loss of long range order on 
compression and XAS probes the corresponding changes in local environment. Changes 
in the local coordination environment provide insight into the mechanism by which the 
material becomes amorphous under pressure. Single crystal diamond anvils were used for 
these studies as the diffraction background from polycrystalline anvils would have been 
unacceptable. XAS data on an amorphous ZrW2O8 sample recovered from high pressure 






Cubic ZrW2O8: A stoichiometric amount of ZrO(NO3)2⋅xH2O (Aldrich, Milwaukee, 
WI) was thoroughly mixed and ground with 2 weight % excess of H2WO4 (Strem 
Chemicals, Newburyport, MA). The powder was heated at 1150 oC for 5 hour, 24 hour 
and 36 hour periods with intermittent ice-water quenching, drying (at 130 oC) and 
regrinding steps. 
Amorphous ZrW2O8: Cubic ZrW2O8 was compressed using a Walker-type high-
pressure multi-anvil press at the Mineral Physics Institute, SUNY Stony Brook, NY (see 
section 2.5.3). The pressure cell consisted of a platinum sample capsule in a 14 mm 
magnesia octahedron surrounded by eight one-inch tungsten carbide cubes, all truncated 
on the corner facing the magnesia. Pyrophyllite and teflon gaskets as well as balsa 
spacers were used between the cubes. ~140 mg cubic ZrW2O8 was placed into the Pt 
capsule and the sample was exposed to a pressure of about 7.5 GPa at room temperature 
for 2 hours prior to slow decompression. 
Ba2NiWO6: BaCO3, NiCO3 and WO3 were thoroughly mixed and ground. The 
mixture was heated at 1100 oC for 20 hours and, after regrinding, heated at 1400 oC for 
an additional 2 hours. 
Sc2W3O12: Sc2O3 and WO3 were mixed, ground and heated together at 1000 oC for 5 
hours, then, after regrinding, heated at 1200 oC for 12 hours. 
The reference compounds Na2WO4·2H2O, (NH4)10W12O41·5H2O (Alfa Aesar, Ward 




Cubic ZrMo2O8: ZrMo2O7(OH)2⋅2H2O was produced by the reaction of aqueous 
solutions of ZrO(ClO4)2⋅5H2O and (NH4)6Mo7O24⋅4H2O in acid medium by 3 days of 
refluxing. Then ZrMo2O7(OH)2⋅2H2O was dehydrated by a series of low-T heat treatment 
steps (350 oC for 12 hours, 375 oC for 15 minutes, 400 oC for 15 minutes, 425 oC for 30 
minutes and finally 450 oC for 30 minutes). 
Sc2Mo3O12: stoichiometric quantities of Sc2O3 (Strem Chemicals, Newburyport, MA) 
and MoO3 (J. T. Baker, Phillipsburg, NJ) were thoroughly mixed, ground and heated 
together at 700 oC for 5 hours and then, after regrinding, at 1100 oC for 12 hours. 
All other Mo-containing reference compounds were commercial products and used as 
received: Na2MoO4⋅2H2O (Fisher Scientific, Fair Lawn, NJ), MoO3 (J. T. Baker, 
Phillipsburg, NJ) and MoO2(acac)2 (Strem Chemicals, Newburyport, MA).  
 
4.2.2 Diamond anvil cell 
A so called "hydrothermal diamond anvil cell" (HDAC, see Figure 4.2)107 was used 
with NaCl as both a pressure calibrant and pressure transmitting medium. 1.7 mm thick 
diamonds with 500 µm culet faces were employed along with a 125 µm thick rhenium 
gasket that had a 3 mm outside diameter and 300 µm hole. The gasket was pre-indented 
to a pressure of about 10 GPa. The downstream cone opening of the cell was ~44 
degrees. The samples were uniformly mixed and ground with NaCl and packed into the 





Figure 4.2: The hydrothermal diamond anvil cell placed on a translation-rotation stage 
and wired for heating (ZrMo2O8 case). 
 
4.2.3 Diffraction data collection 
Diffraction data on ZrW2O8 were collected at room temperature and up to 7.6 GPa 
pressure using the B-2 line of the Cornell High Energy Synchrotron Source (CHESS), 
Wilson Lab, Cornell University, Ithaca, NY. An x-ray energy of 17.968 keV (λ = 0.6901 
Å) was selected using a Ge(111) double-crystal monochromator. The beam was 
collimated to ~130 µm diameter, and centered onto the sample cavity of the DAC. The 
diffraction patterns were recorded on image plates using ~5 minute exposures. The 
sample-to-plate distance was calibrated using diffraction from NaCl in the initially closed 
HDAC. As the initial pressure will have been slightly above ambient, our subsequent 
pressure calibrations were slightly in error (see results and discussion, section 4.3). The 
image plates were read using a BAS 2000 scanner and integrated to give intensity vs. 2θ 
values using the SIMPA software.108 The integrated patterns were then processed in 




(identification of the orthorhombic phase) was performed using the program package 
GSAS.110 NaCl diffraction angles obtained by fitting in JADE were used along with the 
program CALIBRATION111 for pressure determination. CALIBRATION makes use of 
the Birch equation of state for NaCl.112 As the pressure was increased, diffraction data 
were collected at each pressure point. At selected pressures (0.0, 0.7, 2.3, 3.6 and 7.6 
GPa) the experimental arrangement was adjusted so that XANES and EXAFS data could 
be collected. 
For ZrMo2O8, data were collected in the 0 – 4.1 GPa pressure range. An x-ray energy 
of 19.95 keV (λ = 0.62148 Å) was selected using a Si(220) double-crystal 
monochromator for the diffraction measurement. A ~130 µm size collimator was used for 
diffraction and spectroscopy in the DAC. Data were collected at 0.0, 0.24, 0.5, 0.71, 0.99, 
1.28, 1.67 and 4.10 GPa. The amorphous material at 4.1 GPa was heated to 600 oC within 
the DAC, and then cooled to room temperature. Diffraction and spectroscopic data were 
also collected on this material. The experimental setup for diffraction data collection is 
similar to what was described in the previous chapter (see Figure 3.5) and was also 
shown schematically in Figure 2.5. The program JADE was also used to attempt to 
identify the phases present in the sample recovered from high pressure and temperature 
(see later in Figure 4.12). 
Diffraction data were collected on ZrMo2O8 during another series of experiments at 
the same beamline using anhydrous isopropanol as a pressure-transmitting medium. 
Isopropanol was used for reasons already discussed in section 3.2.2 of the previous 
chapter. These measurements were carried out at room temperature and up to 1.15 GPa in 




monochromator. The method of detection and pressure determination was as described 
above.  
        
4.2.4 EXAFS and XANES data collection 
The XAS measurements were carried out at the same beamline (B-2 line at CHESS) 
in parallel with the diffraction measurements using the same double crystal 
monochromators and collimators. For ZrW2O8, data were collected at room temperature 
in the 0 – 7.6 GPa pressure range. The transmission XAS measurements made use of 
three ion chambers with the DAC between the first and second detector and a reference 
metal foil between the second and third detector. The reference foil data were used to 
ensure that the sample spectra were on a common energy scale. Swapping between 
diffraction and XAS measurements involved removing the beam stop and the image plate 
holder from the optical bench and replacing them by the transmission and reference ion 
chambers, and then changing the energy from ~18 keV to that of the appropriate tungsten 
absorption edge. 
XAS data were collected for cubic ZrW2O8, Sc2W3O12, Ba2NiWO6, Na2WO4·2H2O, 
(NH4)10W12O41·5H2O and WO3 (see Table 4.2 for tungsten coordination geometries) at 
ambient pressure and temperature using samples that were diluted and ground with boron 
nitride and then packed into aluminum sample holders with Kapton tape windows so that 
the maximum value of µt was ~1.5 - 2. EXAFS scans were performed at the W LIII-edge 
(9.85-10.90 keV) and XANES data were recorded at the W LI-edge (12.025-12.200 keV) 
using 50 % monochromator detuning for harmonic rejection. For the LIII-edge EXAFS, a 




keV), 0.5 eV steps in the near-edge region (10.19 - 10.22 keV) and 2 eV steps in the post-
edge region (10.22 - 10.90 keV). XANES data at the LI edge were recorded using three 
regions scans with 5 eV steps in the pre-edge region (12.025 - 12.060 keV), 1.0 eV steps 
in the near-edge region (12.060 - 12.150 keV) and 2 eV steps in the post-edge region 
(12.150 - 12.200 keV). Data at each point were recorded until a preset number of monitor 
counts was achieved, taking approximately 4 seconds per point, and three scans were 
performed for each sample. 
XAS data for the ZrW2O8 sample in the DAC were collected at several different 
orientations of the DAC so that the glitches due to diffraction from the diamonds 
occurred at different energies. The DAC was mounted on a "V" block above a rotation 
stage so that it could be reoriented around a vertical, ω, axis. As the DAC casing was 
smooth and cylindrical, the DAC body could be manually rotated in the V-block about 
the cylinders axis providing for a χ-type rotation (ω and χ are used here in the sense of a 
Eulerian cradle diffractometer, see section 8.2.1). 8 to 10 different cell orientations were 
used at each pressure, with one scan in each orientation. While widely different values of 
χ were used (~ ±30º), ω was only varied by ~±1.5º amongst these scans. 
XAS data for ZrMo2O8 were collected at the Mo K-edge (20.00 keV) using three scan 
regions with 5.0 eV steps in the pre-edge region (19.50 - 19.94 keV), 1.0 eV steps in the 
near-edge region (19.94 - 20.06 keV) and 3.0 eV steps in the post-edge region (20.06 – 
20.80 keV). The pre-edge region for the standards was from 19.80 keV to 19.94 keV. 
Data at each point were recorded until a preset number of monitor counts was achieved. 




Similarly to the case of ZrW2O8, spectroscopy data for ZrMo2O8 in the DAC were 
collected at several different orientations of the DAC in order to be able to account for 
the glitches due to diamond diffraction. 8-10 different cell orientations were used at each 
pressure, with one scan in each orientation. χ was typically varied in a 15º-range, ω was 
varied by ~±1.5º in these scans.  
 
4.2.5 Processing of XAS data 
Data processing was performed using the program ATHENA.113, 114  For ZrW2O8, at 
least 3 energy scans were averaged for each sample. All data were put on a common 
energy scale using the reference foil absorption spectra. For ZrMo2O8, only one dataset 
was available per sample and no reference foil was used. 
Glitches arising from diamond diffraction severely contaminated the recorded XAS at 
each orientation of the DAC. In general, this problem is a function of the edge energy 
that is being examined and the energy range over which data is required. The number of 
diamond glitches appearing in an absorption spectrum recorded in a DAC depends upon 
the energy of the measurement, with the glitch density increasing as the energy goes up 
(approximately with the square of the edge energy).79 For tungsten, in practice, it was not 
possible to find a single diamond cell orientation that will not give glitches in the energy 
range of a useful XANES or EXAFS energy scan. This problem is compounded by the 
presence of two diamonds in the beam with different crystallographic orientations and by 
the strains that are introduced into the diamonds as the cell pressure increases. The strain 
gradients that arise from loading the diamonds effectively increase their mosaic spread 




Rather than attempting to obtain glitch-free data directly, we have instead carried out 
multiple data collections with different orientations of the DAC with respect to the 
incident beam and then processed these data to obtain composite spectra that are largely 
free from glitches. 
Initially, in each raw energy scan, regions containing glitches were selected by eye 
and the glitch replaced by an interpolated straight line. The locations of these regions 
were tracked so that they could be excluded from the final summation. We insured that 
each scan was on a common energy scale by determining the apparent absorption edge 
energy for the scan using the simultaneously collected reference foil data. This procedure 
made use of the program ATHENA.113 ATHENA was then used to background subtract 
and normalize the individual energy scans giving χ(k) for each scan. Comparing these 
scans, the estimated absorption edge energies were mostly within 1 eV of the mean value 
in each data cluster. In each case the apparent absorption edge energy was noted so that 
the end points of the original glitched segments could be found in k space.  A composite 
χ(k) was created by summing the available individual energy scans (excluding the 
interpolated regions) and dividing by the number of contributing scans at each point. 
Typically, 2-4 scans at different orientations contributed to each point in the composite 
χ(k). However, for the higher pressure data, where strain in the diamonds led to a worse 
glitch problem, it was not possible to construct complete composite spectra without 
glitches. The composite spectra for ZrW2O8 will be shown in section 4.3.1.5. 
In the case of the ZrMo2O8 data, which were collected at higher energy, the glitch 
problem was even more serious. In a similar fashion to the measurements on ZrW2O8, 




orientations of the cell so that a composite spectrum free from glitches due to diamond 
diffraction could be subsequently constructed. 8-10 different cell orientations were used 
at each pressure with one scan in each orientation. In the case of ZrMo2O8, the glitch 
density was so high that we were unable to produce a useable reconstruction of the 
EXAFS part of the XAS spectrum, but we were able to produce usable data in the 
XANES region as described in the next paragraph. 
Spectra recorded at different orientations of the DAC were compared to one another 
point by point in energy space, and the lowest absorption value that was seen for all of 
the orientations at a given energy was taken to be the true absorption. This procedure 
works because the presence of a diamond glitch at some energy/DAC orientation always 
leads to an increase in the measured attenuation. In the event that all the scans have a 
contribution from a diamond glitch at some energy, the composite spectrum will contain 
a residual artifact from the diamond glitches.  
 
4.2.6 Analysis of the XANES and EXAFS data 
The raw XANES spectra were background subtracted, normalized and plotted for 
comparison. All EXAFS data fits were performed using the program ARTEMIS.114, 115 As 
the data obtained in the DAC was of low quality due to a combination of poor signal to 
noise ratio and the glitch problem, a very simple model was adopted as a base line for the 
analysis of all the EXAFS data. In EXAFS analyses there are often problems with 
correlations between estimated path lengths and E0, and Debye-Waller factors and the 
amplitude reduction factor. We chose to estimate E0 and S0 (the amplitude reduction 




subsequent fits. The first shell for Na2WO4·2H2O was fit, in both q-space (Fourier filtered 
k-space) and R-space, using the crystallographic model for this compound with the 
Debye-Waller factor for all paths fixed at 0.002 Å2, based on an inspection of literature 
values for W-O bonds, and E0, S0 and ∆r (deviation of bond lengths from their initial 
values) as variable parameters. The first shell in the ambient pressure data for all the 
model compounds, amorphous ZrW2O8 and the DAC data was then fit in both q and R-
space using fixed values of E0 and S0. The base line model for all of the first shell data 
was a single W-O scattering path with ∆r and σ2, a Debye-Waller factor, as variables. 
Fits were once again performed in both R- and q-space. Additionally, a model for the 
amorphous ZrW2O8 based on the known crystal structure of orthorhombic ZrW2O828 was 
used to fit the ex-situ data for this compound and the in DAC data. All the fits were 
performed using the same q- (2.5-11 Å-1) and R-ranges (0.85-1.80 Å). The results are 
shown in Table 4.1. No EXAFS fitting could be carried out for ZrMo2O8 due to the low 
quality of the data. 
 
4.3 Results and discussion 
4.3.1 ZrW2O8 
4.3.1.1 High-pressure diffraction 
The diffraction data from our DAC measurements is shown in Figure 4.3. Our closed 
cell diffraction pattern, marked as 0.00 GPa, shows the presence of a small quantity of 
orthorhombic ZrW2O8 (∼ 9 % from the Bragg peak areas) along with the expected cubic 
ZrW2O8 and NaCl. The orthorhombic γ−phase is known to first form at ~ 0.21 GPa, with 




sample must be slightly above ambient. As our calibration procedure assumed that this 
closed cell data was at ambient pressure, all of our subsequent pressure estimates are 
likely to be slightly too low. However, an error of ~0.2 GPa is of little significance in the 
context of the amorphization of ZrW2O8. 
 





























Figure 4.3: Powder diffraction patterns for ZrW2O8 as a function of pressure. Arrows 
indicate the location of peaks characteristic of the orthorhombic phase. 
The NaCl calibrant peaks are also marked. The data were collected at 
17.968 keV (λ = 0.6901 Å). 
 
The transformation of the cubic phase to the orthorhombic phase appears to be well 
advanced at 0.28 GPa and complete by 0.44 GPa. There is substantial line broadening in 
the diffraction pattern of the ZrW2O8 at pressures higher than 3 GPa and by 7.5 GPa there 
is little evidence of any Bragg peaks from the ZrW2O8, suggesting the formation of a 
glassy product. The NaCl (200) peak broadened from an initial FWHM of 0.06º 2θ in the 




going to 7 GPa (~ 0.10º FWHM, see Figure 4.4). This line broadening indicates non-
hydrostatic conditions even at low pressures, but little deterioration as the average 
pressure was raised above 0.5 GPa. It should be noted that non-hydrostatic conditions are 
known to promote pressure-induced phase transformations116-120 including 
amorphization.119 Our data indicate the onset of amorphization above ~ 2.5 GPa, with 
completion of the process at > 5 GPa. This onset pressure is higher than that reported by 
some (but not all) other workers (1.5 GPa),14, 55 and the discrepancy may be related to 

















Figure 4.4: Change of the full peak width at half maximum (FWHM) of the NaCl 
(200) reflection with pressure in the DAC. After the initial broadening, 
there is very little change. 
 
4.3.1.2 Ex-situ XANES 
XANES is sensitive to both the oxidation state and site symmetry of an absorbing 
atom, see for example the early work of Wong.121 For 3d-metals, sensitivity to site 
symmetry is typically achieved by examining the behavior of a pre-edge feature in the K-




centrosymmetric coordination environment, but is observed in non-centrosymmetric 
environments.  If only L-edge spectra can be recorded, similar sensitivity can be obtained 
at the LI-edge (2s to nd transitions). There have been several studies using W LI-XANES 
to probe absorber oxidation state and site symmetry.122-124 
In Figure 4.5, we show W LI-XANES spectra for a series of model compounds 
containing tungsten in different coordination environments along with a XANES 
spectrum for the amorphous ZrW2O8 recovered from 7.5 GPa in a Walker press.  The 
XANES from cubic ZrW2O8, Na2WO4⋅2H2O and Sc2W3O12 are very similar to one 
another, showing a pronounced pre-edge peak consistent with a coordination 
environment that is far from centrosymmetric. In all of these compounds, the tungsten is 
tetrahedrally coordinated. This pre-edge feature is much weaker in the XANES from 
ammonium paratungstate ((NH4)10W12O41·5H2O), a compound that contains tungsten in 
heavily distorted octahedral coordination environments (W-O ranges from ~ 1.75 - 2.25 
Å for many of the tungsten sites).125 In ambient pressure WO3 the pre-edge feature is 
weaker still, indicative of a more regular coordination, although there is still considerable 
distortion in the pseduo-octahedral tungsten coordination environment.126 The data for 
Ba2NiWO6 has almost no pre-edge feature, consistent with the regular octahedral 
coordination that is expected for this perovskite.127 The pre-edge feature for the 
amorphous ZrW2O8 is very similar to that observed for the paratungstate. This indicates 
that compression has destroyed the original tetrahedral symmetry for tungsten, ruling out 
a simple polyhedral tilting model for the amorphization. However, it also suggests that 
the final product does not predominantly contain tungsten in an octahedral or slightly 




distorted octahedral or perhaps five-coordinate environments. The loss of predominantly 
tetrahedral coordination is expected on compression as orthorhombic ZrW2O8 is known 
to form at 0.2-0.4 GPa and this phase contains a mixture of 4-, 4+1- and 4+2-coordinate 
tungsten, with predominantly 4+1 coordination.28 The XANES data seem to be 
inconsistent with a simple-minded view of a kinetically frustrated pressure-induced 
demixing driving the amorphization, as the pre-edge in the amorphous material is more 
pronounced than that of ambient pressure WO3. However, tungsten in WO3 is known to 
undergo significant coordination changes on compression126 and at ambient temperature a 
kinetically frustrated demixing could not proceed very far, perhaps, leading to more 
distorted coordination than that in ambient pressure WO3. ZrW2O8 has been reported to 
transform to a dense phase with a structure related to that of α-U3O8.55 The highly 
irregular 6+1 coordination reported for the metals in this phase may be compatible with 






































Energy (keV)  
Figure 4.5: W LI XANES for a series of reference compounds with different tungsten 
coordination environments: (1) amorphous ZrW2O8 recovered from 7.5 
GPa, (2) Ba2NiWO6 – octahedral, (3) cubic ZrW2O8 – tetrahedral, (4) 
Na2WO4·2H2O - tetrahedral, (5) (NH4)10W12O41·5H2O – heavily distorted 
6-coordinate, (6) Sc2W3O12 - tetrahedral, and (7) WO3 - distorted 
octahedral. 
 
4.3.1.3 In-situ XANES 
XANES data for ZrW2O8 as it is compressed in the DAC are shown in Figure 4.6, as 
a function of pressure. In general, the intensity of the pre-edge feature drops as the 
pressure is increased. Although the data is of low quality due to the imperfect nature of 
the deglitching, it appears that there is an initial drop in the size of this feature on going 
from ambient pressure to 0.7 GPa and a further decrease above 2.3 GPa. The diffraction 
patterns for the sample at 0.7 and 2.3 GPa both indicate the presence of single phase 
orthorhombic ZrW2O8, so the initial change in the pre-edge feature is presumably 
associated with transformation of cubic ZrW2O8, containing only tetrahedral tungsten 
(1+3 coordination), to orthorhombic ZrW2O8, with primarily 4+1 coordination for the 




positions expected for the orthorhombic phase, suggesting incomplete disordering or 
considerable strain broadening, but as the FHWM for NaCl (200) at this pressure is 
similar to that at lower pressures (see Figure 4.4), it seems likely that the origin of the 
peak broadening in the ZrW2O8 is a disordering rather than just strain broadening. The 
pre-edge feature in the XANES at 3.6 GPa is only slightly less pronounced than that at 
2.3 GPa, suggesting that the disordering is not associated with large changes in 
coordination environment.  Further compression to 7.6 GPa leads to a dramatic decrease 
in the magnitude of the pre-edge feature, suggesting a move towards a coordination 
environment that is much closer to centrosymmetric. The 7.6 GPa XANES do not appear 
to be consistent with distorted six-fold coordination such as that seen in the ambient 
pressure ammonium paratungstate or WO3 (see Figure 4.5), but they could be viewed as 
indicating residual 4+1 coordination in a matrix that contains almost centrosymmetric 
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Figure 4.6: W LI XANES for ZrW2O8 under pressure in the DAC. 
 
It is notable that none of the XANES spectra recorded in the DAC under pressure 




Figure 4.5). The DAC data always show a pre-edge peak that is well separated from the 
edge, whereas the ex-situ data show a pre-edge feature that is starting to merge into the 
edge. The differences between the in-situ and ex-situ measurements could arise from 
structural relaxation on decompression of the material that was prepared in a multi-anvil 
device, or the different stress states in the DAC and multi-anvil device or some 
combination of these effects. It might be expected that the DAC would be closer to 
hydrostatic than the multi-anvil apparatus due to the presence of large amounts of 
relatively soft NaCl mixed in with the DAC sample. The ambient pressure bulk modulus, 
K0, for NaCl is ~25 GPa112, 128 and for orthorhombic ZrW2O8 it is ~65 GPa.30 
 
4.3.1.4 Ex-situ EXAFS 
In analyzing the EXAFS data collected for our set of reference compounds and the 
amorphous ZrW2O8 recovered from high pressure, several different models were used. 
The models and the results from the fits are shown in Table 4.1. For all of the samples 
two very simple models consisting of a single W-O path with a multiplicity of 4 and 6 
were explored, even though for samples with irregular coordination the fits are inevitably 
quite poor. This approach was adopted as, in general, the average M-O bond length for a 
coordination polyhedron increases as the coordination number of the metal increases and 
this variation is big enough for us to use the refined W-O distance from our EXAFS 
analyses as an indicator of the coordination number for the tungsten. Average M-O 
distance has been used as a metric by other workers looking for changes in coordination 
under pressure.129, 130 In Table 4.2 we present the average W-O bond lengths from our 




observed. This relationship can also be seen by visual inspection of the Fourier filtered 
EXAFS data (see Figure 4.8). The two compounds with tetrahedral coordination gave 
average distances of 1.77 Å, but ammonium paratungstate, containing tungsten with 
heavily distorted octahedral coordination, gave a value of 1.83 Å, WO3 which also has 
distorted octahedral coordination gave a value of 1.83 Å, and Ba2NiWO6, which is 
believed to contain tungsten in a regular octahedral environment,131 gave a distance of 
1.87 Å. The difference between the values for the paratungstate and the perovksite are to 
be expected as EXAFS analyses do not give a simple average of the W-O distances 
around the tungsten because the fits are more sensitive to the short W-O distances in a 
coordination polyhedron. The average W-O distance obtained from the single path length 
fits to the amorphous ZrW2O8 sample, ~ 1.81 Å, is much shorter than that seen for the 
reference compound Ba2NiWO6, effectively ruling out anything approaching regular 
octahedral coordination for tungsten in the amorphous sample. However, it is close to, 
but slightly smaller than, the value obtained for the paratungstate, suggesting that 
tungsten could have, on average, very irregular six coordination or perhaps five 
coordination. This interpretation is consistent with that for the XANES data. We 
performed fits to the data for amorphous zirconium tungstate using models derived from 
cubic ZrW2O8 (1+3 coordination) and orthorhombic ZrW2O8 (irregular five 
coordination). The 1+3 model offered no improvement over the single-path model, but 
the five-coordinate model gave better fits again supporting an irregular average 
coordination environment for the tungsten. However, the XANES data are not consistent 





Table 4.1: Details of the EXAFS fits. The structural models that were used along 
with the resulting quality of fit indicator (R-factor), Debye-Waller factor 
(σ2) and change in half-path length (∆r) are presented. Fixed values of S0 
and E0 were used unless otherwise indicated: S0: 0.80 (R-space), 0.83 (q-
space); E0: 7.53 eV (R-space), 8.87 eV (q-space). For all the fits a k-range 
of 2.5 – 11 Å-1 and an R-range of 0.85-1.80 Å were employed. Values in 
the shaded cells were used to calculate the average W – O bond lengths 
shown in Table 4.2. 
 
R space fit q space fit 
Sample 
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model / W-O 
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Table 4.1 (Continued) 
R space fit q space fit 
Sample 
Starting 
model / W-O 
path lengths 
(Å) 










































































































































Table 4.2: The first-shell W – O average bond lengths obtained from the EXAFS 
data for a series of reference compounds, with different W coordination, 
and compressed ZrW2O8 at different pressures. The fits were carried out in 
Fourier-filtered k-space using only 1 scattering path (k-range: 2.5 – 11 Å-
1, R-range: 0.85-1.80 Å). 
 
Aver. W-O bond length (Å)  
Sample / Pressure 
4-coord. 6-coord. 
Sc2W3O12 
(tetrahedral)132 1.760(4) 1.765(14) 
Cubic ZrW2O8 
(tetrahedral)133 1.765(8) 1.769(19) 
Na2WO4·2H2O 
 (tetrahedral)134 1.767(4) 1.771(14) 
Amorphous ZrW2O8 1.803(18) 1.815(29) 
WO3 
(distort. octahedr.)135 1.822(24) 1.838(34) 
(NH4)10W12O41·5H2O 






(octahedral)137 1.871(10) 1.875(3) 
ZrW2O8 / 0.0 GPa 1.776(9) 1.783(21) 
ZrW2O8 / 0.7 GPa 1.775(11) 1.783(21) 
ZrW2O8 / 2.3 GPa 1.793(14) 1.802(26) 




ZrW2O8 / 7.6 GPa 1.861(27) 1.871(37) 
 
4.3.1.5 In-situ EXAFS 
In Figure 4.7, we show χ(k) as a function of pressure for ZrW2O8 as it is compressed 
in the DAC along with χ(k) for cubic ZrW2O8 and amorphous ZrW2O8 recovered from 
high pressure. The EXAFS evolve in an apparently continuous fashion from something 
resembling the starting cubic ZrW2O8 at low pressure through to a curve at 7.6 GPa that, 
at low k, looks very similar to that for the material recovered from high pressure. 
Qualitatively the low k EXAFS for the sample at 3.6 GPa (showing only weak very broad 





























k (     )Å-1  
Figure 4.7: W LIII χ(k) for ZrW2O8 as a function of pressure along with those for 
cubic (outside the pressure cell) and pre-amorphized ZrW2O8 samples. 
The missing sections of the 3.6 and 7.6 GPa data arise because we were 
unable to eliminate the glitches from these regions using the available 
data. 
 
Although the in-situ EXAFS data are noisy and the χ(k) at 3.6 and 7.6 GPa are 
incomplete, we performed a fit to these data using a single W-O path model so that we 
could look for changes in the average W-O bond length as a function of pressure that are 
indicative of changes in coordination environment. The results from these fits are shown 
in detail in Table 4.1, the W-O distances are summarized in Table 4.2 and the Fourier-
filtered EXAFS data are shown in Figure 4.8. There is no apparent change in average W-
O distance on going to 0.7 GPa, perhaps because the coordination changes that occur on 
going from the cubic to the orthorhombic phase primarily involve the introduction of 




compression to 2.3 GPa, where the sample is still orthorhombic by diffraction, the 
average W-O distance increases slightly, suggesting that some of the longer W-O 
contacts are shortening and in response the shorter W-O contacts are getting longer; 
effectively the coordination polyhedron is becoming less irregular and hence more 
compact. At 3.6 GPa, where the sample shows signs of severe structural disorder by 
diffraction, the average W-O distance increases to a value close to that seen in the sample 
recovered from 7.5 GPa, again suggesting a further increase in coordination number or 
regularization of the coordination polyhedra so that some of the longer contacts that 
contributed weakly to the average W-O distance contribute more strongly. The average 
W-O distance from the fit to the data for 7.6 GPa is ~ 1.86Å, close to the value seen for 
octahedral tungsten in Ba2NiWO6. However, the data are so poor that this value is not 
reliable. 
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Figure 4.8: Comparison of Fourier-filtered first-shell EXAFS data at ambient pressure 
for: (1) Ba2NiWO6, (2) (NH4)10W12O41⋅5H2O, (3) recovered amorphous 
ZrW2O8, (4) Na2WO4⋅2H2O (5) cubic ZrW2O8 with those of a ZrW2O8 
sample at different pressures in a DAC. The vertical line serves as a guide 




4.3.2 ZrMo2O8  
4.3.2.1 High-pressure diffraction 
The integrated high pressure diffraction patterns are shown in Figure 4.9. On 
compression to 1.7 GPa there is progressive peak broadening and the appearance of 
significant tailing on the high angle side of the ZrMo2O8 Bragg peaks. The broadening 
probably indicates the onset of amorphization that has previously been reported to occur 
at > 1.3 GPa.33, 34 Alternatively, it could be a consequence of pressure inhomogeneity / 
non-hydrostatic conditions within the DAC. However, as the NaCl peaks do not show a 
pronounced broadening like that seen for the ZrMo2O8, and NaCl has a lower bulk 
modulous (~25 GPa138, 139) than cubic ZrMo2O8 (~45 GPa62), it is likely that the 
broadening is not just a consequence of non-hydrostatic conditions. The high-angle 
asymmetry seen on the ZrMo2O8 peaks is most likely due to a non-uniform pressure 
distribution within the illuminated sample volume, where some relatively small fraction 
of the sample experiences higher pressure than the majority of the material, perhaps due 
to grain to grain contacts. Alternatively, it could indicate the onset of a phase 
transformation where the second phase has slightly smaller lattice constants than the 
original material, but the current data provide no clear evidence of the previously 
reported crystalline to crystalline phase transition.33 On further compression to 4.1 GPa, 


























Figure 4.9: Diffraction patterns of ZrMo2O8 at room temperature under different 
pressure conditions. Data collected at 19.95 keV (λ = 0.6215 Å). 
 
Heating the amorphous material to 600 oC for 1 hour at 4.1 GPa led to re-
crystallization. The crystalline sample could be recovered to ambient temperature and 
pressure. The diffraction data for ZrMo2O8 at ambient pressure, at 4.1 GPa as well as 
after heating to 600 ºC at 4.1 GPa followed by decompression at ambient temperature are 
shown in Figure 4.10. The diffraction pattern of this material after cooling and 
decompression (labeled “decompressed”) suggested that there were some binary oxide 
decomposition products present. One of the binary oxides found as a match is the high-
pressure, high-temperature form of MoO3 (monoclinic space group P21/m).66 However, 
this assignment was not fully satisfactory and there were additional peaks that could not 
be accounted for by any known binary oxides or ZrMo2O8 polymorphs. In particular, 




observations are generally in agreement with previous work where ZrMo2O8 was 
recovered from high pressure and temperature in a multi-anvil device.34 













Figure 4.10: Diffraction data for ZrMo2O8 at ambient pressure (0.0 GPa), at 4.1 GPa 
and after heating to 600 oC at 4.1 GPa followed by decompression at 
ambient temperature (decompressed). Data collected at 19.95 keV (λ = 
0.6215 Å). 
 
We associated the lack of phase transition between 0.7 and 2.0 GPa with the 
nonhydrostatic pressure conditions imposed by the solid medium (NaCl) in the cell. 
Therefore another experiment was carried out with isopropanol pressure medium, which 
provides more hydrostatic pressure conditions (up to 4.3 GPa).141 Unfortunately, the 
highest pressure we could reach in the isopropanol experiment was 1.15 GPa. At that 
pressure our gasket failed and it was no longer possible to control the pressure. No phase 
transition was observed up to 1.15 GPa (see Figure 4.11). As the end pressure of the 
experiment was so low, this still leaves open the question whether the previously reported 
phase transition can be reproduced. In the experiment where this phase transition was 




from a recent study by Varga et al.142 (also discussed in Chapter 8), that fluorinerts 
provide quasi-hydrostatic pressure conditions only up to about 1 GPa. 





















Figure 4.11: Diffraction patterns of ZrMo2O8 compressed in a DAC using isopropanol 
pressure medium. The data were collected at 25 keV (λ = 0.496 Å). 
 
The variation of the unit cell volume with pressure is illustrated in Figure 4.12. The 
results from the present study (CHESS - NaCl) are compared with a previous neutron 
diffraction study carried out in a He-gas pressure cell (ANL neutron - He)62 and with the 
results of the experiment where fluorinert medium was employed (NSLS - fluorinert).33 
The current unit cell volume data agree well with the neutron measurements performed at 
P < 0.6 GPa under perfectly hydrostatic conditions. However, there is a significant 
deviation from the fluorinert data above 0.8 GPa, which can be due to the different 
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Figure 4.12: Percentage change in the unit cell volume with pressure for cubic 
ZrMo2O8: this experiment (CHESS - NaCl with open symbols), a previous 
neutron study (ANL neutron - He with solid circles) and a previous x-ray 
study in fluorinert (labeled NSLS - fluorinert with solid triangles). 
 
4.3.2.2 High-pressure XANES 
A XANES study similar to that on ZrW2O8 was carried out for ZrMo2O8. The 
sensitivity of the pre-edge feature in the Mo K-edge spectra can be utilized in studying 
the oxidation state and site symmetry of the Mo atom.143, 144 
In Figure 4.13, Mo K-edge XANES spectra are shown for a series of model 
compounds containing molybdenum in different coordination environments. The XANES 
spectra of the compounds with tetrahedrally coordinated molybdenum, cubic ZrMo2O8, 
Na2MoO4⋅2H2O and Sc2Mo3O12, show great similarities, they all have a pronounced pre-
edge peak (at ~20.02 keV) consistent with a non-centrosymmetric coordination 
environment. This pre-edge feature is very weak for MoO3 and is almost non-existent in 
the spectrum of molybdenum oxide bis-acetylacetonate (MoO2(C5H7O2)2 or 




146 and the more regular, but still distorted octahedral coordination in MoO2(acac)2;147 the 
oxygenyl groups on this later compound are cis to one another.147 In α-MoO3, the Mo-O 
bond lengths range from 1.67 - 2.33 Å for the MoO6 octahedra.145 In MoO2(acac)2, these 
bond lengths fall into the 1.66-2.21 Å range,147 giving a bit more regular MoO6 
octahedra. 
 
Figure 4.13: Mo K-edge XANES for a series of reference compounds with different 
Mo coordination environments: cubic ZrW2O8 – tetrahedral, 
Na2MoO4·2H2O - tetrahedral, Sc2Mo3O12 - tetrahedral, MoO3 - distorted 
octahedral and MoO2(acac)2 – distorted octahedral coordination. 
 
In-situ XANES data for ZrMo2O8 as it is compressed in the DAC are shown in Figure 
4.14, as a function of pressure. As we were unable to remove all traces of diamond 
glitches from these spectra, there are still some spurious features present, most notably 
the attenuation at ∼20.00 keV in the 0.71 GPa data, as well as the feature between the 
pre-edge peak at 20.02 keV and the main edge in the decompressed sample, almost 
certainly arise from residual diamond glitches. The apparent shift in the 0.50 and 0.72 




instabilities. However, the data are sufficiently good to draw reliable qualitative 
conclusions. Over the pressure range where the sample is still crystalline (0 - 1.7 GPa), 
the intensity of the pre-edge feature and its separation from the absorption edge does not 
change very much, although there may be a slight drop in magnitude of this feature at 
1.67 GPa. Additionally, the shape of the absorption maximum itself (20.04-20.07 keV) is 
almost constant over this pressure range. However, on compressing to 4.1 GPa, where the 
sample is x-ray amorphous, the shape of the absorption maximum itself changes and the 
pre-edge peak becomes noticeably less pronounced. The heated and decompressed 
sample (top curve labeled “decompressed”) shows a similar pre-edge peak to the 
amorphous 4.1 GPa sample, but the shape of the absorption maxima are very different. 
 
Figure 4.14: Mo K-edge XANES for cubic ZrMo2O8 under pressure in the DAC. 
 
The presence of a pronounced pre-edge peak in the XANES for the amorphous 
sample at 4.1 GPa conclusively demonstrates that the molybdenum does not transform 




amorphization. This strongly suggests that the amorphous material should not be viewed 
as a metastable intermediate on the pathway from crystalline cubic ZrMo2O8 to a simple 
mixture of the binary oxide decomposition products ZrO2 and MoO3. MoO3, even the 
known high pressure form of this compound, would be expected to have a XANES 
signature similar to that shown for α-MoO3 in Figure 4.13, with a very weak pre-edge 
peak, as the molybdenum coordination environments in these two forms of MoO3 are 
almost identical.66 The XANES indicate that this sample contains Mo in an environment 
that is far from centrosymmetric, perhaps similar to that found in monoclinic 
ZrMo2O8,140, 148 and suggest to us that the amorphous material might be an intermediate 
on the pathway to a higher density zirconium molybdate, although not necessarily one 
with a 1:2 metal ratio. The XANES data for the sample that was recovered to room 
temperature after heating at 600 ºC and 4.1 GPa for one hour still show a well defined 
pre-edge peak. This is inconsistent with the recrystallized sample only containing 
molybdenum as the known high pressure form of MoO3, as the XANES spectrum would 
be similar to that of the α-MoO3 sample shown in Figure 4.13. The data suggests that the 
recovered sample contained a zirconium molybdate that we were unable to identify; the 
formation of a new high pressure MoO3 polymorph with coordination that is not close to 
octahedral seems unlikely.  It should be noted that the change in shape of the absorption 
maximum after recrystallization tells us that the molybdenum in this sample is in a 
different coordination environment from that in the starting amorphous material. These 
observations also suggest that the amorphous phase should be viewed as a metastable 
intermediate on the way to a denser zirconium molybdate, not as an intermediate on the 





Our in-situ measurements show the expected formation of orthorhombic ZrW2O8 at 
low pressure followed by the onset of amorphization above 2.3 GPa with completion by 
~7.6 GPa. The XAS data support a continuous evolution of the local tungsten 
coordination environment on compression after forming the orthorhombic phase, with the 
average W-O bond length increasing, indicating an increase in average coordination 
number, and the W LI pre-edge peak decreasing in magnitude, indicating a movement 
towards tungsten coordination that is closer to centrosymmetric. While the 7.6 GPa XAS 
data is consistent with the presence of some tungsten with octahedral coordination, the 
data is of insufficient quality to be sure of this. These observations are perhaps not fully 
consistent with the conclusions of a high pressure simulation study,60 where it was 
suggested that changes in zirconium coordination as the pressure increased were more 
likely than changes in the tungsten coordination. The in-situ XANES measurements on 
ZrW2O8 clearly differ from the ex-situ measurements made on an amorphous sample 
recovered from 7.6 GPa in a multi-anvil press. This indicates that either structural 
relaxation occurs on decompression or the sample stress states in the DAC and multi-
anvil apparatus were sufficiently different that glasses with different local structures were 
formed. It is unfortunate that we did not obtain data on the sample in the DAC after 
decompression, as this would have directly addressed the origin of the observed 
differences. 
No apparent pressure-induced crystalline to crystalline phase transition was observed 
in cubic ZrMo2O8 in contrast to earlier results.33 The material was observed to amorphize 




component in the sample. Heating the amorphous sample at 4.1 GPa and 600 oC led to 
crystalline products that included some binary oxide decomposition products. The 
combination of in-situ high pressure diffraction and XANES clearly demonstrates that the 
pressure-induced amorphization of cubic ZrMo2O8 does not involve a change of 
molybdenum coordination from tetrahedral, in the starting phase, to approximately 
octahedral as would be expected if the amorphous material where a metastable 
intermediate well along the pathway towards decomposition into a mixture of binary 
oxides. The recrystallized amorphous material is not a simple mixture of known binary 
oxides, it probably contains a zirconium molybdate phase that we were unable to 
identify. The amorphous material at 4.1 GPa might best be viewed as a metastable 
intermediate on the pathway to another crystalline zirconium molybdate. 
Our measurements on cubic ZrW2O8 are not consistent with a mechanism for 
amorphization that primarily involves reorienting existing coordination polyhedra in a 
disordered fashion. From the perspective of tungsten coordination, the in-situ data are 
consistent with initial transformation to the orthorhombic phase, containing 4-, 4+1- and 
4+2- coordinated tungsten, followed by a shortening of the long W-O contacts that exist 
in this structure as the sample is further compressed. This regularization of the 
coordination environments seems to continue into the pressure regime where the sample 
becomes amorphous. 
Measurements showing changes in longer range local structure (M-M distances) and 
the zirconium coordination environment would be helpful in providing a better picture of 
the amorphization process. Ideally these should be made in-situ, as our current data 




situ XAS studies discussed in the next chapter further contributed to our understanding of 
the process. 
The issue of low-pressure phase transition in cubic ZrMo2O8 before amorphization 
takes place could be addressed in the future by carrying out an in-situ high-pressure XRD 
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CHAPTER 5  
 
EX-SITU STUDIES OF THE PRESSURE-INDUCED AMORPHIZATION IN 
ZrW2O8 AND ZrMo2O8 
 
Abstract 
The pressure-induced amorphization of cubic ZrW2O8 and cubic ZrMo2O8 was 
studied in samples previously amorphized in a multi-anvil press and recovered to ambient 
conditions by low-temperature EXAFS and XANES carried out at the W LIII-, LI- and 
Mo K-edges, respectively as well as at the Zr K-edge. Both the EXAFS and XANES 
revealed an increase in the average coordination number of tungsten in ZrW2O8 and a less 
pronounced increase in that of molybdenum in ZrMo2O8. These observations are in 
accordance with our results from a combined in-situ – ex-situ high-pressure study 
performed separately. The Zr K-edge data indicated a pronounced change of about the 
same extent in the average Zr-coordination in both compounds. The results suggest that 
both the framework tetrahedra and octahedra distort on amorphization, and in the case of 
ZrMo2O8, the ZrO6 octahedra are more prone to distortion at the amorphization pressure. 
A decrease in the photoelectron scattering magnitudes for the metal-metal correlations 
was seen in the amorphous materials indicating that those correlations started to become 
less significant. The pressure-induced amorphization in both ZrW2O8 and ZrMo2O8 is 
most likely driven by a kinetically frustrated phase transformation to a high-pressure 
phase with higher metal coordination numbers, but a kinetically hindered pressure-





In the previous chapter we discussed the changes in the local coordination 
environment of W in cubic ZrW2O8, and Mo in ZrMo2O8 on pressure-induced 
amorphization as seen by in-situ x-ray absorption spectroscopy (XAS). A change in local 
coordination (W and Mo, respectively) was observed in both compounds, which was 
much less pronounced in the case of the molybdenum compound. These findings are 
inconsistent with an amorphization mechanism that primarily involves a reorientation of 
the existing coordination polyhedra at least in the case of tungsten. Instead, the 
amorphous material may perhaps best be viewed as a metastable intermediate between 
the starting phase and another crystalline phase stable at high pressures, or alternatively, 
as a phase resulting from a kinetically hindered decomposition to the constituent binary 
oxides. We also pointed out that further measurements, showing changes in the local 
structure over a longer length scale and also in the zirconium coordination environment 
would help us get a better picture of the amorphization process. Therefore, to 
complement our in-situ spectroscopic studies, we carried out a series of XAS 
measurements on amorphous samples that had been prepared at high pressure and 
recovered to ambient pressure. Transmission XAS data were collected on cubic and 
amorphous ZrW2O8 at the W LIII-edge (EXAFS), the W LI-edge (XANES) and at the Zr 
K-edge (EXAFS and XANES), on cubic and amorphous ZrMo2O8 at the Mo K- and Zr 
K–edges (EXAFS and XANES), and on a number of model compounds with different W, 
Mo and Zr coordination, respectively. Some of these measurements were carried at low 
temperature (down to 55-65 K) in order to minimize the effect of thermal vibrations of 
the atoms and thus maximize the signal at high wavenumber (k). Data were also collected 
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at 160 and 298 K temperatures so that when we performed the EXAFS analyses we could 
check if all of the extracted parameters behaved in a physically sensible fashion as a 
function of temperature, and modify our analysis as necessary to obtain meaningful 
results. An important point of this study is that changes in local metal environment could 
be followed from the perspective of both metals, W versus Zr and Mo versus Zr, as data 
was available at the different metal absorption edges for each compound. Changes in the 
Zr coordination can also be expected on compression. In their high-pressure simulation 
study on ZrW2O8, Pryde et al. argued that at high pressure, the ZrO6 octahedra are more 
liable to distort than the WO4 tetrahedra, and thus major coordination changes involving 
the zirconium were more likely than those involving tungsten.1 In a high-pressure 
polymorph of ZrW2O8 with a cation-disordered α-U3O8–type structure obtained by 
heating a pressure-amorphized sample under pressure, both the Zr and W cations were 
reported to display 6+1 coordination.2 
Although, in-situ studies would have been ideal due to possible structural relaxation 
on decompression as discussed in Chapter 4, such study was not an option at this time 
due to severe problems related to diffraction from the diamonds at the Zr K- and Mo K-
edges. Both previously amorphized samples were re-confirmed to be x-ray amorphous 




Cubic ZrW2O8: A stoichiometric amount of ZrO(NO3)2⋅xH2O (Aldrich, Milwaukee, 
WI) was thoroughly mixed and ground with 2 weight % excess of H2WO4 (Strem 
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Chemicals, Newburyport, MA). The powder was heated at 1150 oC for 5 hour, 24 hour 
and 36 hour periods with intermittent ice-water quenching, drying (at 130 oC) and 
regrinding steps. 
Amorphous ZrW2O8: Cubic ZrW2O8 was compressed using a Walker-type high-
pressure multi-anvil press at the Mineral Physics Institute, SUNY Stony Brook, NY. The 
pressure cell consisted of a platinum sample capsule in a 14 mm magnesia octahedron 
surrounded by eight one-inch tungsten carbide cubes, all truncated on the corner facing 
the magnesia. Pyrophyllite and teflon gaskets as well as balsa spacers were used between 
the cubes (see Figure 5.1). ~140 mg cubic ZrW2O8 was placed into the Pt capsule and the 
sample was exposed to a pressure of about 7.5 GPa at room temperature for 2 hours prior 
to slow decompression. 
       
Figure 5.1: Picture of the octahedral sample cell before closing (left); the multi-anvil 
cell with the octahedral sample cell in place (middle); the main control 
console of the hydraulic press. 
 
Ba2NiWO6: BaCO3, NiCO3 and WO3 were thoroughly mixed and ground. The 
mixture was heated at 1100 oC for 20 hours and, after regrinding, heated at 1400 oC for 
an additional 2 hours. 
Sc2W3O12: Sc2O3 and WO3 were mixed, ground and heated together at 1000 oC for 5 
hours, then, after regrinding, heated at 1200 oC for 12 hours. 
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The reference compounds Na2WO4·2H2O, (NH4)10W12O41·5H2O (Alfa Aesar, Ward 
Hill, MA) and WO3 (Aldrich, Milwaukee, WI) were used as received. 
Cubic ZrMo2O8: ZrMo2O7(OH)2⋅2H2O was produced by the reaction of aqueous 
solutions of ZrO(ClO4)2⋅5H2O and (NH4)6Mo7O24⋅4H2O in acid medium by 3 days of 
refluxing. Then ZrMo2O7(OH)2⋅2H2O was dehydrated by a series of low temperature heat 
treatment steps (350 oC for 12 hours, 375 oC for 15 minutes, 400 oC for 15 minutes, 425 
oC for 30 minutes and finally 450 oC for 30 minutes). 
Amorphous ZrMo2O8: Cubic ZrMo2O8 was compressed using the same Walker-type 
high-pressure multi-anvil press used for the preparation of amorphous ZrW2O8 using the 
same pressure cell assembly. ~100 mg cubic ZrMo2O8 was placed into the Pt capsule and 
the sample was exposed to a pressure of about 5 GPa at room temperature for 2 hours 
prior to slow decompression. 
Sc2Mo3O12: stoichiometric quantities of Sc2O3 (Strem Chemicals, Newburyport, MA) 
and MoO3 (J. T. Baker, Phillipsburg, NJ) were thoroughly mixed, ground and heated 
together at 700 oC for 5 hours and then, after regrinding, at 1100 oC for 12 hours. 
All other Mo-containing reference compounds were commercial products and used as 
received: Na2MoO4⋅2H2O (Fisher Scientific, Fair Lawn, NJ), MoO3 (J. T. Baker, 
Phillipsburg, NJ) and MoO2(acac)2 (Strem Chemicals, Newburyport, MA). 
The Zr-containing reference phases ZrO2 (Alfa Aesar, Ward Hill, MA) and ZrSiO4 
(Strem Chemicals, Newburyport, MA) were used as received. 
Both amorphous samples were prepared at most a few weeks prior to the experiment 
(and their structure checked only a few days before the measurements, see Figure 5.3), 
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therefore possible sample relaxation (see section 4.3.1.3) was not considered as a 
problem. 
 
5.2.2 X-ray diffraction 
All samples were characterized after synthesis by x-ray diffraction using a Scintag X1 
diffractometer with a Peltier-cooled solid state detector and a copper tube. The structure 
of the samples including the commercial ones was verified by XRD. For the scans 
typically a scan rate of 2.5o/min and a step size of 0.02° were employed along with a 251 
mm diffractometer radius, 2/1 mm slits on the tube side and 0.5/0.3 mm slits on the 
detector side. For the scan on amorphous ZrW2O8, a scan rate of 0.03o/min, for 
amorphous ZrMo2O8 1.0o/min was used. 
 
5.2.3 Variable temperature XAS data collection 
The XAS measurements were carried out at beamline X11A of NSLS in BNL, Upton, 
NY in June 2004. Data were collected at ambient pressure conditions, but at several 
temperatures. Low-temperature (55-65 as well as 160 K) data were collected using a 
Displex cryostat (see Figure 5.2). A Displex is a two-stage helium compressor with a 
copper cold finger. The cold finger is wrapped with a resistive heating element and is in 
contact with a temperature-sensing diode. Using the heating element and diode, a 
commercial temperature controller was used to control the temperature at the cold finger 
between ~50 K and 300 K with good stability. 
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Figure 5.2: Picture of the Displex refrigerator in the beam (left); a close-up of the 
Displex with samples within (right). 
 
The EXAFS and XANES data collection was done in transmission mode using a three 
ion chamber arrangement with a reference metal foil between the second and third 
detector (see Figure 5.2). Transmission XAS data were collected for cubic and 
amorphous ZrW2O8, cubic and amorphous ZrMo2O8 at ambient pressure and different 
temperatures, and a series of reference compounds with different metal coordination (see 
Table 5.1 for a list) at ambient pressure and temperature. The samples were diluted and 
ground with boron nitride so that the maximum value of µt was ~1.5 – 2, and then packed 
into the copper sample holder of the Displex cell and covered with Kapton tape on both 
sides (the white powder samples in four of the five slots of can be seen in the right picture 
of Figure 5.2). Tungsten XANES scans were performed around the W LI-edge (12.100 
keV) in the 11.900-12.170 keV range with 5 eV steps in the pre-edge region (11.900- 
12.050 keV), 0.75 eV steps in the near-edge region (12.050-12.150 keV) and 0.05k (~2.5 
eV) steps in the post-edge region (12.150-12.170 keV) using 25 % monochromator 
detuning for rejection of the higher harmonics. Tungsten EXAFS data were recorded at 
the W LIII-edge (10.207 keV) in the 10.007-11.185 keV range with 5 eV steps in the pre-
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edge region (10.007-10.157 keV), 0.75 eV steps in the near-edge region (10.157-10.257 
keV) and 0.05 k (~6 eV) steps in the post-edge region (10.257-11.185 keV) with 30 % 
monochromator detuning. Molybdenum XANES and EXAFS scans were performed 
around the Mo K-edge (20.000 keV) in the 19.800-21.238 keV range with 5 eV steps in 
the pre-edge region (19.800- 19.950 keV), 1 eV steps in the near-edge region (19.950-
20.050 keV) and 0.05k (~6.7 eV) steps in the post-edge region (20.050-21.238 keV) 
using 10-15 % monochromator detuning for harmonic rejection. Zr XANES and EXAFS 
data were recorded at the Zr K-edge (17.998 keV) in the 17.798-18.974 keV range with 5 
eV steps in the pre-edge region (17.798-17.968 keV), 1 eV steps in the near-edge region 
(17.968-18.028 keV) and 0.05 k (~6 eV) steps in the post-edge region (18.028-18.974 
keV) using 15 % monochromator detuning. Data at each point were recorded for 2 
seconds and typically three scans were performed for each sample. A summary of the 
samples, absorption edges and temperature conditions is given in Table 5.1. 
 
5.2.4 Data processing and analysis 
Data processing was performed using the program ATHENA.3, 4 For the ZrW2O8 and 
ZrMo2O8 samples at least 3 energy scans were averaged at each temperature. For the 
reference samples, generally 2 scans were performed at room temperature. All data were 
put on a common energy scale using the reference foil absorption spectra. The raw 
XANES spectra were background subtracted, normalized and plotted for comparison. All 
EXAFS data fits were performed using the program ARTEMIS.4, 5 For the cubic and 
amorphous ZrW2O8 and ZrMo2O8 samples, detailed EXAFS fitting was attempted using 
many metal-oxygen and metal-metal scattering paths; for amorphous ZrW2O8 at the W 
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LIII- and Zr K-edges and for ZrMo2O8 at the Mo K- and Zr K-edges. Details of these fits 
are discussed in the corresponding section of the results. For the examination of the 
average first-shell metal-oxygen distances for possible coordination changes in the 
amorphous materials, a very simple model was adopted as a base line for the analysis of 
all the EXAFS data. In EXAFS analyses there are often problems with correlations 
between estimated path lengths and the shift of the energy reference, E0, and Debye-
Waller factors and the amplitude reduction factor. In a similar fashion to what is 
described in section 4.2.6 for the combined in-situ and ex-situ studies of ZrW2O8, in all 
three series of fits we estimated E0 and the amplitude reduction factor S0 using the data 
for Na2WO4·2H2O (W LIII-edge), Na2MoO4·2H2O (Mo K-edge) and ZrO2 (Zr K-edge), 















Table 5.1: Summary of the W-, Mo- and Zr-containing samples with their 
coordination geometries, as well as absorption edges and temperature 
conditions used in the low-temperature XAS study. 
 
 
The first shell for the reference compound was fit, in both q-space (Fourier filtered k-
space) and R-space, using the crystallographic model for this compound with the Debye-
Sample Coordination Absorption edge Temperature (K) 
ZrO2 76 Zr K 298 
ZrSiO4 87 Zr K 298 
cubic ZrMo2O8 octahedral8 Zr K 298 
amorph. ZrMo2O8 - Zr K 298 
cubic ZrW2O8 octahedral9 Zr K 298 
amorph. ZrW2O8 - Zr K 298 
 
Sc2W3O12 tetrahedral10 W LI (XANES) 298 
Na2WO4.2H2O tetrahedral11, 12 W LI (XANES) 298 
Ba2NiWO6 octahedral12 W LI (XANES) 298 
WO3 distorted octahedral13 W LI (XANES) 298 
(NH4)10W12O41.5H2O irregular 6-coordinate14 W LI (XANES) 298 
cubic ZrW2O8 tetrahedral W LI (XANES) 298 
amorph. ZrW2O8 - W LI (XANES) 298 
 
Sc2W3O12 tetrahedral W LIII (EXAFS) 298 
Na2WO4.2H2O tetrahedral W LIII (EXAFS) 298 
Ba2NiWO6 octahedral W LIII (EXAFS) 298 
WO3 distorted octahedral W LIII (EXAFS) 298 
(NH4)10W12O41.5H2O irregular 6-coordinate W LIII (EXAFS) 298 
cubic ZrW2O8 tetrahedral W LIII (EXAFS) 65, 160, 298 
amorph. ZrW2O8 - W LIII (EXAFS) 65, 160, 298 
 
Na2MoO4.2H2O tetrahedral Mo K 298 
Sc2Mo3O12 tetrahedral Mo K 298 
trigonal ZrMo2O8 tetrahedral15 Mo K 298 
MoO3 distorted octahedral16 Mo K 298 
MoO2(acac)2 distorted octahedral15, 17 Mo K 298 
cubic ZrMo2O8 tetrahedral Mo K 55, 160, 298 
amorph. ZrMo2O8 - Mo K 55, 298 
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Waller factor for all paths fixed at a value chosen based on an inspection of literature 
values for the corresponding metal-oxygen bonds. E0, S0 and ∆r (change in scattering 
half-path length, also viewed as the deviation of bond lengths from their initial values) 
were used as variable parameters. The first shell in the room temperature data for all the 
model compounds and the amorphous ZrW2O8 and the ZrMo2O8 was then fit in both q 
and R-space using fixed values of E0 and S0 obtained from the latter fit. The base line 
model for all of the first shell data was a single metal-oxygen scattering path with ∆r and 
σ2, a Debye-Waller factor, as variables. Fits were once again performed in both R- and q-
space. The known crystal structure of orthorhombic ZrW2O818 was used to fit the data for 
amorphous ZrW2O8 and the crystal structure of cubic ZrMo2O8 derived from the known 
structure for ordered α-ZrW2O89 was used for amorphous ZrMo2O8. All the fits were 
performed using the same q- and R-ranges within each of the three data series (see details 
in sections 5.3.1.2, 5.3.2.2 and 5.3.3.2). 
 
5.3 Results 
X-ray diffraction patterns for the cubic and amorphous ZrW2O8 and ZrMo2O8 
samples are shown in Figure 5.3. No Bragg diffraction peaks are visible for any of the 





   
Figure 5.3: Comparison of the x-ray diffraction patterns for the cubic and amorphous 
phases of ZrW2O8 and ZrMo2O8. No Bragg peaks appear in the pattern for 
the amorphous materials. Data collected using Cu Kα radiation. 
 
 
5.3.1 W LI- and LIII-edge data 
5.3.1.1 W LI-edge XANES 
XANES is sensitive to both the oxidation state and site symmetry of an absorbing 
atom and have been used for comparing species with different metal coordination 
geometries.19 In the LI-edge spectra for a tungsten-containing species, a pre-edge feature 
arises primarily from a 2s to nd transition that is dipole forbidden in a centrosymmetric 
coordination (such as octahedral) environment, but is observed in non-centrosymmetric 
(e.g. tetrahedral) environments. There have been several studies using W LI-XANES to 
probe absorber oxidation state and site symmetry.20-22 
In Figure 5.4 W LI-XANES spectra are shown for a series of model compounds 
containing tungsten in different coordination environments along with a XANES 
spectrum for the amorphous ZrW2O8 recovered from the multi-anvil press (see Table 5.1 
for coordination geometries). The XANES from cubic ZrW2O8, Na2WO4⋅2H2O and 
Sc2W3O12 are very similar to one another, showing a pronounced pre-edge peak 
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consistent with a tetrahedral coordination environment. This pre-edge feature is much 
weaker in the XANES from the amorphous ZrW2O8 sample, ammonium paratungstate 
((NH4)10W12O41.5H2O) and WO3. The data for Ba2NiWO6 has almost no pre-edge 
feature, as expected for a perovskite with regular octahedral tungsten coordination.23 
Details on the coordination environment in these model compounds were already 
mentioned in the previous chapter (see section 4.3.1.2). The pre-edge feature for the 
amorphous ZrW2O8 is very similar to that observed for the paratungstate. This is in 
agreement with our XANES results reported in Chapter 4 from a similar ex-situ 
experiment related to our high-pressure in-situ studies and indicates an increase in the 
tungsten coordination from tetrahedral to a more regular coordination. As the XANES for 
the amorphous sample in nothing like that of Ba2NiWO6, this more regular coordination 
is probably far from centrosymmetric. The compression has destroyed the original 
tetrahedral coordination of the tungsten, resulting in heavily distorted octahedral or 







Figure 5.4: W LI-edge XANES of compounds with different tungsten-coordination 
including an amorphous sample. 
 
5.3.1.2 W LIII-edge EXAFS 
Room temperature kχ(k) curves are shown for samples with different W coordination 
and for the amorphous material in Figure 5.5. The overall picture is consistent with the 
XANES data. The tetrahedral compounds Sc2W3O12 and cubic ZrW2O8 have very similar 
curves, while the also tetrahedral Na2WO4 shows more well-resolved features. The 
curves for the amorphous sample and ammonium paratungstate are vaguely similar in 
accordance with the previous statement that the tetrahedral coordination of cubic ZrW2O8 
shifts towards a more regular coordination on compression, which is probably close to 
irregular octahedral. The curve for the amorphous material seems to be intermediate 
between that of the cubic one and ammonium paratungstate. WO3 shows more 
resemblance to the regular octahedral Ba2NiWO6, only with features that are less 





Figure 5.5: W LIII kχ(k)-k curves for compounds with different W-coordination along 
with that of the pre-amorphized ZrW2O8 sample. 
 
The kχ(k)-k curves at different temperatures do not show any significant differencies 
in the case of the ZrW2O8 samples. Although the features in the 65 K data seem to be a 






Figure 5.6: W LIII kχ(k)-k curves for cubic and amorphous ZrW2O8 at different 
temperatures. 
 
The Fourier-transformed kχ(k) curves show the contribution of the different 
scattering paths to the EXAFS (see Figure 5.7). There is a dramatic change in amorphous 
ZrW2O8 compared to the cubic material. Also notable is the similarity of the data for the 





Figure 5.7: FT magnitudes for compounds with different W-coordination along with 
that of the amorphous ZrW2O8 sample. 
 
The local structure of cubic ZrW2O8 has already been studied in detail by XAS.24, 25 
In Figure 5.8 we give an illustration of which scattering paths contribute to which peak in 
the Fourier-transformed magnitude plot based on simulations generated using the code 
FEFF within the IFEFFIT program package.4 The graph shows only the 0-6 Å range, 
which covers all the interatomic distances of interest, and is arbitrarily divided into five 
sections. By a single scattering path we mean that the photoelectron wave is directly 
backscattered from another atom, while paths involving more than two atoms are 
considered as multiple scattering paths. We distinguish between the R-range as the x-axis 
of the plot and the scattering path lengths given by the FEFF calculation. The W-O single 
scattering paths that belong to the first section give rise to the first large peak between 
roughly 1 and 2 Å. These three paths are in the 1.707-2.386 Å range, the numbers 
indicating the path lenghts for the scattering effects. The scattering in the region between 
~2.25-3.25 Å (second section) can be accounted for by several W-O-O multiple 
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scattering paths and a W-O single scattering path with lengths falling into the 3.111-
4.093 Å range. The latter W-O path contributes over a relatively wide range. The peak in 
the third section between ~3.25-4.25 Å arises as a result of the contribution of paths 
related to W and Zr, both single scattering W-Zr and multiple scattering W-Zr-O and W-
O-Zr paths. The shoulder of the peak that extends over 4 Å is a result from W-O single 
scattering. The path lengths contributing to the third region fall in the range 3.744-3.907 
Å. The peak in the fourth region (~4.25-4.75 Å) can be described using tungsten-tungsten 
scattering effects that include contributions from W-W single scattering and W-W-O and 
W-O-W multiple scattering with path lengths in the 4.119-4.639 Å range. Finally, the last 
region between ~4.75 and 6 Å can be accounted for by many scattering paths involving 
metal-metal scattering effects with path lenghts between 5 and 6 Å. Particularly, the first 
peak of the three is partly due to W-Zr-O, W-O-Zr and W-O-W multiple scattering, the 
second peak seem to arise mostly due to two W-W single scattering paths and numerous 
W-O-Zr, W-Zr-O, W-O-O-Zr and W-O-Zr-O multiple scattering paths appear to 






Figure 5.8: Contribution of the different metal-oxygen and metal-metal single (SS) 
and multiple scattering (MS) paths to the Fourier-transformed R-space 
spectrum of cubic ZrW2O8. 
 
Looking at Figure 5.7 again, the first, largest peak (W-O) decreased dramatically in 
the amorphous material, but the multiple scattering contributions after the first peak in the 
2.25-3.25 Å region are still visible and there are some weak peaks around the region 
where W-O single and multiple scattering contributions were noted for the cubic 
material. The peak between ~3 and 4 Å in the cubic material related to W-Zr paths seems 
to be washed out, and the same is true for the rest of the peaks at higher R. A detailed fit 
was carried out to the 65 K W LIII-edge data on the amorphous sample in the 3.5-15 Å-1 
k- and 0.9-4.4 Å R-range (no notable features are seen at R’s greater than 4 Å) using a 
structural model derived from the known crystal structure of orthorhombic ZrW2O8. We 
used a similar structural model for fitting amorphous ZrW2O8 data in Chapter 4 (see 
section 4.2.6 and 4.3.1.4) as better fit results were obtained with it compared to the cubic 
model. In our model derived from the orthorhombic crystal structure, the scattering paths 
involving only W and O as well as W and Zr have approximately the same distances as in 
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the cubic model. However, the W-W scattering involves shorter scattering paths (~3.8-
4.0 Å) than in the cubic model (~4.1-4.6 Å). 
The goal of this EXAFS fitting was only qualitative: by comparing the fitting results 
and the FT magnitude for the amorphous sample, we tried to find out which types of 
scattering paths still contribute to the EXAFS of the amorphous sample. Therefore, no 
amplitude reduction factors, energy shifts, path distances and Debye-Waller factors are 
reported for the fits. We tried to fit the data for the amorphous sample by using W-O-, W-
Zr- and W-W-containing scattering paths (“Full fit”), W-O- and W-W-containing paths 
(“No Zr”), W-O and W-Zr paths (“No W”) and finally using only W-O paths (“No Zr, 
W”; see Figure 5.9). It is not possible to exclude the W-O single and multiple scattering 
paths as the largest peak between ~1 and 2 Å is still present in the amorphous sample. 
When all three groups were used, the fit described the data reasonably well. This suggests 
that the effect of W-Zr and/or W-W (single and multiple) scattering paths is not 
negligible in the amorphous sample, they have to be included in the fitting for a complete 
description. However, the fit was not significantly worse even when all metal-metal 
scattering paths were excluded. No difference was seen when only one of the metals were 
excluded (“No Zr” and “No W” plots). This suggests that the effect of metal-metal 
scattering has become largely suppressed and the EXAFS scattering of the amorphous 
material can be approximated by considering only W- and O- containing single and 
multiple scattering effects. 
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Figure 5.9: Results of EXAFS fitting for amorphous ZrW2O8 at the W LIII-edge at 65 
K, considering contributions from different groups of scattering paths. 
Data: solid line, fit: dotted line. 
 
The FT magnitude plots do not show a notable dependence on temperature, as 
expected based on the kχ(k)-k curves in Figure 5.6. Figure 5.10 is a comparison of the FT 





Figure 5.10: FT magnitude curves for cubic and amorphous ZrW2O8 at different 
temperatures. 
 
In analyzing the EXAFS data collected for our set of reference compounds and the 
amorphous ZrW2O8 recovered from high pressure, very simple models were used. The 
models and the results from the fits are shown in Table 5.2. For all of the samples, fits 
were carried out using only scattering paths that contribute to the first (W-O) 
coordination shell and fits using an even simpler model consisting of a single W-O path 
(with a distance of 1.798 Å) with a multiplicity of both 4 and 6. Even though for samples 
with irregular coordination the fits are inevitably quite poor, this approach was adopted 
as, in general, the average M-O bond length for a coordination polyhedron increases as 
the coordination number of the metal increases. The average bond lengths were 
calculated as the sum of the starting path length value (1.798) and ∆r from the fitting 
(values in the shaded cells of the table). The variation in the refined W-O distance from 
this analysis can be used as an indicator of the coordination environment for the tungsten. 
Average M-O distance has been used as a metric by others looking for changes in 
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coordination under pressure.26, 27 More detail about this fitting procedure was given in 
section 5.2.4.  
 
Table 5.2: Details of the EXAFS fits. The structural models that were used along 
with the resulting quality of fit indicator (R-factor), Debye-Waller factor 
(σ2) and change in half-path length (∆r) are presented. Fixed values of S0 
and E0 were used unless otherwise indicated: S0: 0.74 (R-space), 0.80 (q-
space); E0: 7.38 eV (R-space), 7.94 eV (q-space). For all the fits a k-range 
of 3.5 – 15 Å-1 and an R-range of 0.90-1.80 Å were employed. Values in 
the shaded cells were used to calculate the average W – O bond lengths 
shown in Table 5.3. 
 
R space fit q space fit 
Sample 
Starting model / 
W-O path 




σ2 = 0.002 
R: 0.062 
S0: 0.74(10) 






























































































































Table 5.2 (Continued) 
R space fit q space fit 
Sample 
Starting model / 
W-O path 












































































In Table 5.3 we present the average W-O bond lengths from our fits. The derived 
average W – O bond lengths show the same increasing trend with coordination that we 
saw in Chapter 4 (see section 4.3.1.4) and consequently the same discussion applies. The 
average W-O distance in amorphous ZrW2O8 is closest to that in WO3. This relationship 
can also be seen by visual inspection of the Fourier filtered EXAFS data (see Figure 5.7). 
The average W-O distance obtained for the amorphous ZrW2O8 sample, ~ 1.82 Å, is 
much shorter than that seen for the reference compound Ba2NiWO6, indicating that the 
coordination for tungsten in the amorphous sample is far from regular octahedral. 
However, it is close to the values obtained for WO3 and ammonium paratungstate, 
suggesting that the average coordination in the amorphous material could be 
irregular/distorted 6-coordinate or perhaps five-coordinate. These results are consistent 
with the XANES data. 
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Table 5.3: The first-shell W – O average bond lengths obtained from room 
temperature EXAFS data for compounds with different W coordination. 
The fits were carried out in Fourier-filtered k-space using only 1 scattering 
path (k-range: 3.5 – 15 Å-1, R-range: 0.90-1.80 Å). 
 
Average W-O bond 
 length (Å) Sample 
4-coord. 6-coord. 
Sc2W3O12 
(tetrahedral)  1.779(5) 1.782(12) 
Cubic ZrW2O8 
(tetrahedral)  1.789(7) 1.792(14) 
Na2WO4·2H2O 
 (tetrahedral)  1.790(5) 1.793(12) 
Amorphous ZrW2O8 1.815(15) 1.825(23) 
WO3 
(distort. octahedr.)  1.823(26) 1.839(38) 
(NH4)10W12O41·5H2O 
 (irregular 6-coord.)  1.838(17) 1.848(25) 
Ba2NiWO6 
(octahedral)  1.911(9) 1.914(4) 
 
5.3.2 Mo K-edge data 
5.3.2.1 Mo K-edge XANES 
In Figure 5.11, Mo K-edge XANES spectra are shown for a series of model 
compounds containing molybdenum in different coordination environments and for 
amorphous ZrMo2O8. The XANES spectra of the compounds with tetrahedrally 
coordinated molybdenum, cubic ZrMo2O8, trigonal ZrMo2O8, Na2MoO4⋅2H2O and 
Sc2Mo3O12 show great similarities, they all have a pronounced pre-edge peak (slightly 
below 20 keV) consistent with a non-centrosymmetric coordination environment. This 
pre-edge feature is very weak for both MoO3 and molybdenum oxide bis-acetylacetonate 
(MoO2(acac)2). The pre-edge peak for the amorphous sample is only a little smaller than 
for the tetrahedral compounds and the shape of the main edge differs slightly from that of 





Figure 5.11: Mo K-edge XANES of compounds with different molybdenum-
coordination including the amorphous sample. 
 
5.3.2.2 Mo K-edge EXAFS 
Room temperature kχ(k) curves are shown for samples with different Mo 
coordination and for the amorphous material in Figure 5.12. The overall picture is 
consistent with the XANES data. All tetrahedral compounds have very similar curves. 
The curves for the samples with distorted octahedral coordination are dramatically 
different from those for the tetrahedral ones. The amorphous sample has a very similar 
curve to that for the tetrahedral compounds and does not show any resemblance to the 
octahedral kχ(k)’s. The only difference in the curve for the amorphous sample is that all 
the features in it are a bit weaker than in the curve for cubic ZrMo2O8. There does not 
appear to be a large shift from tetrahedral towards higher coordination on the 




Figure 5.12: Mo K-edgeI kχ(k)-k curves for compounds with different Mo-coordination 
along with that of the pre-amorphized ZrMo2O8 sample. 
 
There are no large differencies between the kχ(k)-k curves at different temperatures 
(see Figure 5.13). However, the temperature dependence of the peak magnitudes seems to 
be slightly more significant here than in the case of ZrW2O8 (see Figure 5.6). Still, all the 
features are present at all temperatures. Another temperature dependence can be seen in 
Figure 5.13: the peaks for the cubic sample appear to shift towards smaller wavenumbers 
with increasing temperature. We are not sure whether this shift is real (could be an 
artifact of the measurement), but if it was, it could indicate a change in the crystal 
structure of cubic ZrMo2O8. Recently, by very precise measurements of the lattice 
constants of the material as a function of temperature, a subtle change from static to 
dynamic oxygen disorder has been detected on warming through 200 K.28 This 
temperature falls in the region where we see a change, so our observation may be related 




Figure 5.13: Mo K-edge kχ(k)-k curves for cubic and amorphous ZrMo2O8 at different 
temperatures. 
 
The Fourier-transformed kχ(k) curves show that in the amorphous material, up to 
about 4 Å the same scattering contributions are present as in the cubic polymorph, only 
the amplitudes are reduced a bit. Above 4 Å, the peak that appears in cubic ZrMo2O8 is 
missing. This probably indicates a loss of well-defined Mo- to some other metal (Zr or 
Mo) correlations on amorphization (see Figure 5.14). In accordance with the dependence 
of the kχ(k) curves on local Mo coordination, the FT magnitudes for the compounds with 
distorted octahedral coordination is largely different from those for tetrahedral 





Figure 5.14: FT magnitudes for compounds with different Mo-coordination along with 
that of the amorphous ZrMo2O8 sample. 
 
In order to know which scattering amplitudes made less of a contribution in the 
amorphous material, we have to look at the corresponding scattering effects in detail. 
Figure 5.16 illustrates which scattering paths contribute to the Fourier magnitude curve 
for cubic ZrMo2O8. The contributions were determined and are presented in a similar 
fashion as in section 5.3.1.2 for ZrW2O8. For a structural model, the ordered α-ZrW2O8 
structure (space group P213)9 with the W atoms replaced by Mo atoms was used for the 
FEFF calculation. Cubic ZrMo2O8 adopts the disordered β-ZrW2O8 structure (space 
group Pa3 ), over its whole stability range,8 but the use of the disordered structural model 
results in the generation unrealistic scattering path lengths upon running the FEFF 
calculation. Figure 5.15 shows our fit to the cubic ZrMo2O8 data and illustrates how well 
the scattering from cubic ZrMo2O8 can be described using a model based on the ordered 
ZrW2O8 structure. The fit was carried out over the k-range 2.5-15 Å-1 and R-range 0.9-6.0 
Å using basically all contributing scattering paths up to 6.4 Å path length. The 55 K Mo 
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K-edge data were used for the fit. 
 
Figure 5.15: Agreement between data (solid line) and fit (dotted line) for the 55 K data 
for cubic ZrMo2O8 at the Mo K-edge using the structural model for α-
ZrW2O8, and considering contributions from all important scattering paths 
in the 1-6 Å range. 
 
Figure 5.16 gives the different scattering path types that are responsible for the 
EXAFS of cubic ZrMo2O8 in the 0-6 Å range. We divided the plot into four regions (1-4 
in Figure 5.16). Again, we have to distinguish between the R-range corresponding to the 
regions on the plot and the true path lengths. The Mo-O single scattering paths that 
belong to the first region give rise to the first large peak between roughly 1 and 2 Å. 
These three paths are in the 1.7-2.4 Å range, just in the case of ZrW2O8. The scattering in 
region 2 (~2-3 Å) can be accounted for by several Mo-O-… multiple scattering paths 
with length in the 3.1-3.6 Å range as well as Mo-O single and multiple scattering paths 
with lengths between 3.9-4.1 Å. The latter paths contribute over a relatively wide range 
that includes region 3. The peak in the third region between ~3.2-3.6 Å arises as a result 
of Mo-Zr single and multiple scattering (distances 3.7-3.8 Å), while the second, smaller 
peak in the same region is mostly due to Mo-Mo single and multiple scattering with 
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lengths between 4.1 and 4.6 Å. In addition, several Mo-O single and multiple scattering 
paths contribute to regions 2 and 3 with scattering path lengths of 4.15-4.67 Å. The paths 
contributing to the fourth region are very diverse: a Mo-Zr-O multiple scattering path (5.4 
Å length) can be associated with the largest peak, but it is combined with Mo-Mo single 
and multiple scattering effects (5.6-5.8 Å length). Numerous Mo-O-Zr multiple scattering 
paths (5.82-6.35 Å length) and two Mo-O-Mo paths (6.38-6.40 Å length) also contribute 
to the large R-range of ~3-5.5 Å covering regions 3 and 4.  
 
Figure 5.16: Contribution of the different metal-oxygen and metal-metal single (SS) 
and multiple scattering (MS) paths to the Fourier-transformed R-space 
spectrum of cubic ZrMo2O8. 
 
In the light of the contributions from the different scattering paths, the changes that 
can be seen in Figure 5.14 are as follows: all peak amplitudes are reduced in the 
amorphous material relative to the cubic one, but this reduction is most significant for the 
metal-metal peaks, that is all scattering paths related to either Mo and Zr or Mo and Mo 
(and in addition, they may involve oxygen) are reduced (region 3). The scattering in 
region 4 seems to be washed out completely on amorphization. Detailed fitting of the 
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amorphous ZrMo2O8 data at the Mo K-edge was not carried out as for a good fit the same 
scattering contributions will still be needed as were used for the cubic sample. 
The FT magnitude plots show a notable dependence on temperature, especially for 
the cubic material. All the peaks are noticeably more pronounced at 55 K (see Figure 
5.17). 
 
Figure 5.17: FT magnitude curves for cubic and amorphous ZrMo2O8 at different 
temperatures. 
 
A similar EXAFS analysis procedure was performed for the Mo K-edge data as was 
for the W LIII-edge data in section 5.3.1.2. Data for the reference compounds and the 
amorphous ZrMo2O8 recovered from high pressure were fitted using very simple models. 
The models and the results from the fits are shown in Table 5.4. For all of the samples, 
fits were carried out using only scattering paths that contribute to the first (Mo-O) 
coordination shell as well as fits using an even simpler model consisting of a single Mo-
O path (with a distance of 1.792 Å) with a degeneracy of both 4 and 6 (tetrahedral and 
octahedral extremes). The average bond lengths were calculated as the sum of the starting 
path length value (1.792) and ∆r from the fitting (values in the shaded cells of the table 
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were used). The variation in the refined Mo-O distance from the analysis was used as an 
indicator of the Mo-coordination. 
 
Table 5.4: Details of the EXAFS fits at the Mo K-edge. The structural models that 
were used along with the resulting quality of fit indicator (R-factor), 
Debye-Waller factor (σ2) and change in half-path length (∆r) are 
presented. Fixed values of S0 and E0 were used unless otherwise indicated: 
S0: 1.05 (R-space), 1.07 (q-space); E0: 2.51 eV (R-space), 3.51 eV (q-
space). For all the fits a k-range of 2.5 – 15 Å-1 and an R-range of 0.9-2.0 
Å were employed. Values in the shaded cells were used to calculate the 
average W – O bond lengths shown in Table 5.5. 
 
R space fit Q space fit 
Sample 
Starting model / 
Mo - O path 




σ2 = 0.003 
R: 0.016 
S0: 1.05(6) 



















































































































































Table 5.4 (Continued) 
 
R space fit Q space fit 
Sample 
Starting model / 
Mo - O path 


















1.553 x4 (σ2), 
























































In Table 5.5 we present the average Mo-O bond lengths from our fits. The derived 
average Mo – O bond lengths show an increasing trend with coordination similar to that 
seen for the tungsten compounds at the W LIII-edge. The average Mo-O distance in 
amorphous ZrMo2O8 is only marginally greater than in the cubic material. Within the 
error limits on the values, they are basically equivalent. This suggests that the average 
Mo coordination in the amorphous material is very close to, or is still, tetrahedral. 
Unfortunately, there is a very large error associated with the refined Mo-O distances for 
MoO2(acac)2. This may be due to the large difference between the half path length value 
(1.792) chosen by us and the actual half path length calculated by the FEFF program for 
two of the six paths responsible for the first-shell peak (1.633 and 1.703) in this material. 
It may also reflect that there are a wide variety of Mo-O distances in the compound. 
These results are consistent with the XANES data and the Fourier filtered EXAFS data 
(see Figures 5.11 and 5.14). 
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Table 5.5: First-shell average Mo – O bond lengths obtained from room temperature 
EXAFS data for compounds with different Mo coordination. The fits were 
carried out in Fourier-filtered k-space using only 1 scattering path (k-
range: 2.5 – 15 Å-1, R-range: 0.9-2.0 Å). 
 
Average Mo-O bond 
 length (Å) Sample 
4-coord. 6-coord. 
Sc2Mo3O12 
(tetrahedral)  1.753(2) 1.757(9) 
Na2MoO4·2H2O 
 (tetrahedral)  1.758(2) 1.762(8) 
Cubic ZrMo2O8 
(tetrahedral)  1.762(3) 1.766(8) 
Trigonal ZrMo2O8 
(tetrahedral)  1.766(3) 1.770(9) 
Amorphous ZrMo2O8 1.768(7) 1.776(14) 
MoO3 
(distort. octahedr.)  1.815(26) 1.824(28) 
MoO2(acac)2 
(octahedral)  1.911(195) 1.918(166) 
 
5.3.3 Zr K-edge data 
5.3.3.1 Zr K-edge XANES 
XANES spectroscopy at the Zr K-edge has been used before for qualitative 
comparison of species with different Zr coordination environments.29, 30 The XANES 
indicate a change in Zr coordination on amorphization for both ZrW2O8 and ZrMo2O8 
(see Figure 5.18). By visual examination of the absorption edges, an average coordination 
of ~7 could be estimated in both amorphous materials based on the great resemblance of 
their edge features to that of ZrO2, which contains Zr in 7 coordination.6 The difference 





Figure 5.18: Zr K-edge XANES spectra for cubic and amorphous ZrW2O8 and 
ZrMo2O8 containing 6-coordinate Zr along with two reference compounds 
with 7 (ZrO2) and 8 (ZrSiO4) Zr coordination. 
 
5.3.3.2 Zr K-edge EXAFS 
The kχ(k)-k curves shown in Figure 5.19 are consistent with the XANES spectra. 
Both cubic-amorphous sample pairs show the same change in the shape of the first peak. 
The curves for the amorphous samples are very similar to that of ZrO2 suggesting that 





Figure 5.19: Zr K-edge kχ(k)-k curves for cubic and amorphous ZrW2O8 and ZrMo2O8, 
resp., along with two reference compounds with 7 and 8 Zr coordination. 
 
The Fourier transformed kχ(k) curves (FT magnitudes) for the two model compounds 
and for cubic and amorphous ZrW2O8 and ZrMo2O8 are shown in Figure 5.20. There are 







Figure 5.20: FT magnitudes for cubic and amorphous ZrW2O8 and ZrMo2O8, resp., 
along with two reference compounds with 7 (ZrO2) and 8 (ZrSiO4) 
coordination. 
 
In order to verify what changes this involves, let us examine the scattering path 
contributions responsible for the features of the FT magnitude curves. The scattering 
contributions in both cubic ZrW2O8 and ZrMo2O8 were examined in great detail for the 
data obtained at the corresponding absorption edges. As we look at the exact same 
structures, only from the Zr’s point of view this time, instead of listing all of the 
scattering paths that make up the EXAFS, let us focus on the major contributions. The 
most important scattering effects are shown for both cubic ZrW2O8 and ZrMo2O8 at the 
Zr K-edge in Figure 5.21. There are three main groups of scattering contributions in each 
case: the single Zr-O scattering that contributes to the first peak, the multiple and single 
Zr-O scattering that contributes to the second feature, and the metal-metal single and 
multiple scattering responsible for the feature (or group of features) in the graphs. 
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Figure 5.21: Contribution of the different metal-oxygen and metal-metal single (SS) 
and multiple scattering (MS) paths to the FT magnitude spectrum of cubic 
ZrW2O8 (left) and cubic ZrMo2O8. 
 
Based on Figure 5.20, we can say that the metal-metal peaks in amorphous ZrW2O8 
that can be seen in the cubic material between 3-4 Å are almost completely washed out 
and the scattering can basically be described by using only Zr – O paths. As proof, see 
Figure 5.22, which shows that the FT magnitude of amorphous ZrW2O8 can be very well 
modeled using only Zr-O (single and multiple) scattering paths in the fit. The fit was 
carried out in the k-range of 2.5 – 15 Å-1 and an R-range of 1-4.1 Å using Zr-O scattering 
paths with path lengths in the 2.042-4.151 Å range. This fit suggests that there is 
practically no Zr-W or Zr-Zr interference in amorphous ZrW2O8. (The latter one is rather 
insignificant even in the cubic materials and thus not shown in Figure 5.21.) This, in turn 
means that the weak peaks we see in the 3-4 Å region of the FT magnitude plot of the 
material at the W LIII-edge (Figure 5.7) are probably due to W-W scattering in addition to 
the obvious W-O scattering. This was not clear from the fits presented in Figure 5.9, 
which seemed insensitive to which metal-metal scattering we include in the fit in addition 




Figure 5.22: EXAFS fit to the data on amorphous ZrW2O8 collected at the Zr K-edge 
indicating that the structure can be quite well modeled using only Zr-O 
scattering paths in the fit. The solid line is the data, and the dotted line is 
the fit. 
 
There seems to be some residual in amorphous ZrMo2O8 of the metal-metal scattering 
that occur between 3-4 Å in the cubic material. Still, the dramatic reduction of the large 
magnitude Zr-Mo peaks suggests a significant change in the Zr coordination environment 
within the material, quite in contrast to the very little change in the Mo-coordination. The 
fact that the metal-metal scattering still contributes to the scattering in amorphous 
ZrMo2O8 is also supported by the fit shown in Figure 5.23. The fit is not as good as in the 
case of ZrW2O8 (see Figure 5.22), because the residual peaks from the metal-metal 





Figure 5.23: EXAFS fit to the data on amorphous ZrMo2O8 collected at the Zr K-edge, 
indicating that the structure can be approximately modeled using only Zr-
O scattering paths in the fit, but there remain some metal-metal scattering 
not accounted for. The solid line is the data, and the dotted line is the fit. 
 
An EXAFS analysis similar to the Mo K-edge and W LIII-edge case was carried out. 
Data for the reference compounds and the amorphous samples recovered from high 
pressure were fitted using very simple models. The models and the results from the fits 
are shown in Table 5.6. For all of the samples, fits were carried out using only scattering 
paths that contribute to the first (Zr-O) coordination shell as well as fits using an even 
simpler model consisting of a single Zr-O path (with a distance of 2.102 Å) with a 
degeneracy of both 6 and 8. The average bond lengths were calculated as the sum of the 
starting path length value (2.102) and ∆r from the fitting (values in the shaded cells of the 
table were used). The variation in the refined Zr-O distance from the analysis was used as 









Table 5.6: Details of the EXAFS fits at the Zr K-edge. The structural models that 
were used along with the resulting quality of fit indicator (R-factor), 
Debye-Waller factor (σ2) and change in half-path length (∆r) are 
presented. Fixed values of S0 and E0 were used unless otherwise indicated: 
S0: 1.34 (R-space), 1.28 (q-space); E0: 5.61 eV (R-space), 7.45 eV (q-
space). For all the fits a k-range of 2.9 – 15 Å-1 and an R-range of 0.90-
2.25 Å were employed. Values in the shaded cells were used to calculate 
the average W – O bond lengths shown in Table 5.7. 
 
R space fit q space fit 
Sample 
Starting model / 
W-O path 
lengths (Å) 6-coord. 8-coord. 6-coord. 8-coord. 
ZrO2 



















































































































































































The derived average Zr – O bond lengths show an increasing trend with coordination.  
As the average Zr-O distance in both amorphous materials is close to the value obtained 
for ZrO2, we presume that the average Zr-coordination changed from 6 to around 7 as the 
materials went from cubic to amorphous on compression. These data are in accordance 
with the XANES results (see Figure 5.18). 
 
 
Table 5.7: First-shell average Zr – O bond lengths obtained from room temperature 
EXAFS data for cubic and amorphous ZrW2O8 and ZrMo2O8, resp., along 
with two reference compounds with 7 (ZrO2) and 8 (ZrSiO4) coordination. 
The fits were carried out in Fourier-filtered k-space using only 1 scattering 
path (k-range: 2.9 – 15 Å-1, R-range: 0.90-2.25 Å). 
 
Average Zr-O bond 
 length (Å) Sample 
6-coord. 8-coord. 
Cubic ZrW2O8 
(tetrahedral)  2.056(8) 2.057(7) 
Cubic ZrMo2O8 
(tetrahedral)  2.063(6) 2.065(6) 
Amorphous ZrW2O8 2.092(8) 2.094(7) 
Amorphous ZrMo2O8 2.090(9) 2.092(7) 
ZrO2 
(7-coordinate) 2.100(8) 2.101(8) 
ZrSiO4 




Our W LIII-edge XAS results on amorphous ZrW2O8 that had been amorphized in a 
multi-anvil press and recovered from 7.5 GPa pressure to ambient conditions are in 
agreement with the ex-situ and in-situ results for ZrW2O8 reported in Chapter 4. Both the 
W LI-edge XANES and the W LIII-edge EXAFS data are inconsistent with a view of the 
pressure-induced amorphization as a result of polyhedral tilting because the WO4 
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polyhedra become distorted on amorphization, which is manifested in an increase of the 
average W-O bond length and thus the average coordination of tungsten. As the tungsten 
coordination environment in the amorphous material is apparently different from that in 
WO3, a kinetically hindered pressure-induced decomposition is not a very likely driving 
force for the amorphization. However, a kinetically frustrated decomposition could be 
imagined as mechanism if we view the W coordination in the amorphous material as a 
distorted version of that of WO3 on a pathway to demixing. Comparison of the Fourier- 
transformed EXAFS data for the amorphous material with that of cubic ZrW2O8 revealed 
that the metal-metal scattering contributions, although some were still present, became 
much less important relative to the scattering along paths containing only W and O. 
Although the metal-metal paths had to be included in the fitting in order to better describe 
the scattering from the amorphous material, it was possible to fit the EXAFS of the 
material reasonably well using only W-O scattering. From the W LIII-edge EXAFS it was 
not clear whether the W-Zr or the W-W scattering is more important in the amorphous 
material, probably because their importance was rather low compared to W-O scattering 
and their calculated scattering path lengths are close to one another in the model used. 
The Zr K-edge XAS results indicated a distortion of the ZrO6 octahedra, which further 
supports the invalidity of a simple polyhedral tilting model for the amorphization. The 
increase in the coordination number of Zr from 6 to ~7 does not exclude a kinetically 
frustrated decomposition as mechanism, given that the Zr in ZrO2 is 7-coordinated.6 The 
results for ZrW2O8 may be compatible with the highly irregular 6+1 coordination 
reported for the metals in the α-U3O8-type ZrW2O8 mentioned in section 5.1,2 as the 
amorphous material may be viewed as an intermediate on a pathway to that high-pressure 
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phase with higher coordination. The Zr K-edge EXAFS provided useful insight into 
which metal-metal peaks might still be present in the EXAFS of the amorphous material. 
As practically no metal-metal scattering was needed to adequately fit the Zr K-edge 
EXAFS for amorphous ZrW2O8, we believe that the metal-metal contribution to the more 
significant W-O scattering in the material is W-W scattering (single and multiple paths). 
This means that the distribution of Zr-W distances became large on the loss of long-range 
order, but the distribution of W-W distances is not so large. 
The Mo K-edge XAS results on amorphous ZrMo2O8 amorphized in a multi-anvil 
apparatus at 5 GPa and recovered to ambient conditions are in agreement with the high-
pressure in-situ and ex-situ results for ZrMo2O8 discussed in Chapter 4. The behavior of 
cubic ZrMo2O8 on amorphization is clearly different from that of ZrW2O8. The Mo K-
edge XANES and EXAFS demonstrate that the pressure-induced amorphization of cubic 
ZrMo2O8 is not accompanied by any dramatic changes in the molybdenum coordination 
on amorphization. There are few signs of the tetrahedral coordination shifting to a higher 
average coordination, including a marginal increase in the average Mo-O bond length 
(the values actually agree with the cubic bond length within error) and the suppression of 
the metal-metal scattering contributions to the EXAFS spectrum of the amorphous 
material. This suppression of the metal-metal scattering contribution is evidently smaller 
than in amorphous ZrW2O8, resulting in worse fitting results when we tried to use only 
Mo-O scattering contributions in the fit. The Zr K-edge data revealed that the average Zr 
coordination increases from 6 to approximately 7, similarly to the case of ZrW2O8. This 
suggests that the ZrO6 octahedra distort more easily, that is expectedly at lower pressure, 
than the MoO4. This observation is in agreement with an earlier proposition by Pryde et 
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al.,1 who predicted for cubic ZrW2O8 that the ZrO6 octahedra were more liable to distort 
than the WO4 tetrahedra, and thus major coordination changes involving the zirconium 
were more likely than those involving tungsten. This raises an interesting point: as the 
pressure employed by us to amorphize cubic ZrMo2O8 (5 GPa) was lower than that used 
to amorphize ZrW2O8 (7.5 GPa), could the difference be only due to the different 
synthesis pressures? Could higher coordination be achieved in amorphous ZrMo2O8 using 
pressures higher than 5 GPa? We do not know, but in the sense the amorphization 
pressures were similar in both cases: they were chosen so that we were above the 
pressure of the amorhization for both ZrW2O8 (reported amorphization range 2.3-7.6 
GPa)31 and ZrMo2O8 (1.7-4.1 GPa range).32 Although the increase in the Zr coordination 
might support a possible mechanism involving a kinetically hindered decomposition, the 
fact that the Mo coordination in amorphous ZrMo2O8 is very far from anything that 
shows resemblance to centrosymmetric, the pressure-induced amorphous material can not 
be considered as an intermediate along the pathway towards decomposition into its binary 
oxides. Based on the results of the present Chapter and of Chapter 4, the amorphous 
ZrMo2O8 might best be viewed as a metastable intermediate on the pathway to another 
crystalline zirconium molybdate. 
 
5.5 Conclusions 
The amorphization behavior of cubic ZrW2O8 and cubic ZrMo2O8 is different from 
one another. While pressure-induced amorphization is accompanied by a significant 
increase in the average tungsten coordination in the tungstate, the average molybdenum 
coordination in ZrMo2O8 barely changes. All the scattering paths in the amorphous 
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materials have smaller amplitudes, but the metal-metal correlations are relatively much 
less pronounced, especially the W-Zr ones in amorphous ZrW2O8, relative to the cubic 
polymorphs. The Zr K-edge data added useful information to our picture of the pressure-
induced amorphization in the two materials. It revealed that the Zr coordination increases 
in both materials on amorphization indicating a distortion of the ZrO6 octahedra. This, 
based on the results on amorphous ZrMo2O8, where the MoO4 tetrahedra remained 
relatively undistorted, seems to happen independently of the extent of distortion of the 
tetrahedral units suggesting that the ZrO6 octahedra are more prone to distortion on 
compression. These results are in accordance with our in-situ and ex-situ results 
discussed in Chapter 4. A mechanism for the pressure-induced amorphization involving a 
kinetically frustrated phase transformation to a high-pressure phase with higher metal 
coordination numbers seems to be the likely driving force. However, a kinetically 
hindered pressure-induced decomposition can not be ruled out completely given the 
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CHAPTER 6  
 
SYNTHESIS, STRUCTURE AND THERMAL BEHAVIOR OF STUFFED 
ZIRCONIUM PYROPHOSPHATES WITH THE FORMULA MIXZr1-XMIIIXP2O7 
 
Abstract 
A phase transition between a low-temperature (ordered) structure that has normal 
positive thermal expansion and a high-temperature (disordered) structure with lower 
thermal expansion occurs at about 300 oC in cubic ZrP2O7. From an applications point 
of view, it is desirable to lower the temperature of this phase transition preferably below 
room temperature. Chemical modification of the structure through the replacement of 
some Zr(IV) by MIII cations and the simultaneous insertion of small cations such as Li+ 
into interstitial spaces was used to lower the phase transition temperature and thus 
control the thermal expansion behavior of ZrP2O7. Some new compositions of the 
formula MIxZr1-xMIIIxP2O7 (MI= Li, Na, K; MIII= Ga, Y, In, Eu and Nd) have been 
synthesized and trends in their thermal behavior were examined. However, we were 
unable to lower the phase transition temperature by more than ~40 oC using this 
method. The upper limit of doping appears to be ~20 molar% (i.e. x = 0.2) in most cases 
based on DSC data, but could not be definitively concluded in the absence of a 
definitive characterization of the phases’ chemical composition. The linear thermal 






Materials with the cubic AM2O7 (zirconium pyrophosphate/pyrovanadate) structure 
have been under investigation since the work of Levi and Peyronel in 1935.1 Their 
diffraction pattern can be indexed, at least approximately, on a cubic unit cell with ∼8 Å 
dimensions. At low temperature, nearly all of the compounds show a superstructure, 
which typically involves a 3 x 3 x 3 enlargement of the basic cubic unit cell. In some 
cases, the lattice is only approximately metrically cubic (e.g. GeP2O7).2 The nature of 
these superstructures is still an active area of investigation, as already discussed in 
1.2.1. Many of the compounds undergo a phase transition from the low-temperature 
phase to a high-temperature phase on heating. This transformation involves the loss of 
the superstructure. 
Most AM2O7 compounds, including the prototype ZrP2O7, crystallize in the cubic 
space group Pa3 , which implies that the thermal expansion behavior has to be isotropic. 
This phase exhibits normal positive thermal expansion between room temperature and 
the temperature of the phase transition to the high-temperature structure.3, 4 The 
structure of cubic ZrP2O7 is closely related to that of cubic zirconium tungstate 
(ZrW2O8), the material which has become well-known due to its isotropic negative 
thermal expansion over a wide temperature range (see Figure 6.1).5, 6  
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Figure 6.1:  Crystal structure of α-ZrW2O8 (on the left; bright ZrO6 octahedra and 
dark WO4 tetrahedra sharing corners) and ideal (high-temperature) 
crystal structure of ZrP2O7 (on the right; bright ZrO6 octahedra and dark 
PO4 tetrahedra sharing corners). The two cubic structures are closely 
related. 
 
The thermal expansion of cubic AM2O7 phases can be very low and even negative 
in the temperature range where there is no superstructure.3, 4, 7 Pure phosphates AP2O7 
with lighter elements have a decreased α (CTE) above the phase transition from the 
superstructure to the normal structure, but still exhibit positive expansion. For ZrP2O7 
this phase transition occurs at ∼290 oC.7 After the phase transition, the coefficient of 
thermal expansion (CTE or α) becomes quite low (~3.5x10-6 K-1), but still can only be 
considered low intermediate CTE based on the classification of Roy.8 Thermal 
expansion data suggest only one phase transition for ZrP2O7, nonetheless there are 
actually two transitions as the material goes through an intermediate incommensurate 
structure.9 The thermal expansion actually becomes negative in the radioactive uranium 
and thorium analogues as well as in ZrV2O7 and HfV2O7 at high temperatures.10-13 
Above 102 °C, the vanadates exhibit strong NTE with a change in slope at ~600 °C.3, 4 
The thermal expansion for several cubic AM2O7 compounds is shown in Figure 6.2. 
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Figure 6.2: Thermal expansion for some cubic AM2O7 compounds. ZrV2O7, ThP2O7 
and UP2O7 exhibit NTE at high temperatures. Taken from Sleight.3 
 
The wide variety of 4+ cations that can be accommodated in the cubic AM2O7 
framework are listed in section 1.2.1. The list includes some transition metals in less 
than their maximum oxidation states, e.g. Re,14 W15 and Nb.16 Niobium pyrophosphate 
can be prepared with the transition metal in a range of oxidation states. As the metal is 
oxidized, phosphorous vacancies are introduced to maintain charge balance.16, 17 There 
have also been reports of materials with mixed MIII/MV cations such as Bi0.5Ta0.5P2O7, 
Bi0.5Nb0.5P2O7 and Nd0.5Ta0.5P2O7 (see next chapter of this thesis).18 A small number of 
isostructural vanadates (ZrV2O7,19 HfV2O720) and arsenates (ZrAs2O7, HfAs2O7) has 
also been reported.21 
Interest in the thermal expansion properties of materials related to ZrP2O7 started 
with the work of Harrison in 1954,22 after a report on the formation of a low thermal 
expansion material in experiments examining the addition of P2O5 to ZrO2 ceramic 
bodies.23 Later, the thermal expansion of TiP2O7,24 ZrV2O7,10, 11 UP2O7,25 ThP2O726 and 
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Zr1-xThxP2O727 were studied. Even greater interest was generated by the work of 
Korthuis et al. on thermal expansion in the solid solution series ZrV2-xPxO7 in 1995.12 In 
compounds with smaller cation size, such as TiP2O728 and GeP2O7,2 the thermal 
expansion is positive at all reported temperatures. As materials with larger unit cells are 
examined, the behavior becomes more interesting as was already mentioned for ZrP2O7, 
ZrV2O7, UP2O7 and ThP2O7. 
For the phosphates, the unit cell size varies in an almost linear fashion with the 







































Figure 6.3:  Unit cell size versus ionic radius of the octahedral A4+ cation in cubic 
AP2O7 compounds. The data were taken from Tillmans31 and Withers,9, 
31, 32 but also includes our own data on CeP2O7 kindly provided by Kathy 
White. 
 
For the phosphates, in general, increasing the weight/size of the A4+ cation lowers 
the phase transition temperatures and leads to a lower thermal expansion coefficient for 
the ideal (high-temperature) structure. The expansion behavior of AM2O7 compounds 
can be attributed to their unusual crystal structure, which can be viewed as related to the 
NaCl structure with A4+ as the cation and (M2O7)4- as the anion. The ordering of the 
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M2O7 units lowers the space group symmetry to Pa3 , the highest possible symmetry for 
this framework. In the high-temperature structure, this centrosymmetric space group 
constrains the M-O-M bond angles to be 180° on average, as the M2O7 units are located 
on a three-fold axis with the bridging oxygen on the inversion center. In the 3 x 3 x 3 
superstructure, this constraint is released on most of the M2O7 units, and M-O-M bond 
angles range from ~130 to 165°. The superstructure shows normal (positive) expansion 
behavior. Above the phase transition, which in most cases occurs between 100 and 400 
°C depending on the identity of A and M, all M2O7 units must have an average M-O-M 
angle of 180°. As a 180° bond angle is unfavorable, both static displacements leading to 
disorder and thermal motion are likely to release the strain. Considering the low or 
negative CTEs of the AM2O7 compounds, it seems likely that the relaxation occurs by 
transverse thermal motion of the oxygens in analogy to the low and negative expansion 
materials discussed in 1.2.6. This is also supported by theoretical studies, which predict 
a rotation of the VO4 tetrahedra causing a distortion of the ZrO6 octahedra in ZrV2O7.33 
In their study, Pryde et al. argue that the effect of the tetrahedral rotations in pulling in 
the rest of the structure (causing contraction) will decrease with decreasing size of the 
tetrahedra, which explains why the expansion of most phosphates is positive, whereas 
the vanadates contract on heating. This suggests that the trend seen for the A4+ cation 
(more negative expansion with increasing weight/size) is valid for the tetrahedral M 
atom (P, V, As), and would imply that the arsenates should show even more negative 
expansion than the vanadates. 
From the applications point of view, the low CTE of the high-temperature phase is 
desirable over a wide temperature range possibly including room temperature, thus we 
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were interested in lowering the temperature of the phase transition in order to stabilize 
the high-temperature disordered structure to lower temperatures. 
One way to stabilize certain structures or control phase transitions is chemical 
modification, during which ions can be replaced (substitution) and/or new additional 
ions inserted (stuffing), and thus crystal defects created. Previous work done on β-
quartz to suppress the unwanted transformation to α-quartz was already mentioned in 
Chapter 1 (see section 1.5.1) along with solid solution formation in the ZrV2-xPxO7 and 
HfV2-xPxO7 systems and the substitution of Zr4+ in cubic ZrW2O8 by trivalent cations 
leading to a decrease in the temperatures of the corresponding phase transitions. 
There has been some previous work on the preparation of stuffed ZrP2O7. Sacks et 
al.34 examined substitutions involving the replacement of Zr4+ by a combination of an 
alkali metal (MI = Li+, Na+, K+) or Ag+, and a trivalent cation, such as In3+, Y3+ or Eu3+ 
(MIII) giving MIxZr1-xMIIIxP2O7 compositions. The substitution of phosphorous by alkali 
plus silicon was also tried (MIxZrMIIIxP2-xO7), but with no success. In their standard 
solid state synthesis, they applied the phosphate-containing compound NH4H2PO4 in 
significant excess. For MIxZr1-xEuxP2O7 compositions, a solid solubility limit of x = 
0.20 was estimated. In some other cases (MIxZr1-x(Y,In)xP2O7 higher levels of 
substitution were claimed (up to 35 molar% or x = 0.35). The authors noticed that the 
phase transition temperature in ZrP2O7 was lowered on stuffing. These materials were 
examined as potential fast ion conductors and as their conductivity was found to be low, 
no further work seems to have been done on them. 
Ota and Yamai also studied the effect of solute ions in ZrP2O7 solid solutions.35 
They reported that the replacement of Zr4+ ions by larger ions and the stuffing of cations 
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into the cavities of the framework stabilized the high-temperature structure or, as they 
call it, the expanded structure and consequently the thermal expansion was reduced in 
CexZr1-xP2O7 or (Li,Y)xZr1-xP2O7 solid solutions. For their (Li,Y)xZr1-xP2O7 solid 
solutions, they estimated a solubility limit of x = 0.2. There is very little detail in both 
papers on the thermal expansion behavior of the new compositions. 
In common with most materials that display negative or very low thermal 
expansion, the high-temperature structure of ZrP2O7 is of relatively low density. We 
have performed a preliminary examination of this structure using some very simple 
modeling tools (ATOMS void searching tool36) and confirmed that there are cavities big 
enough to accommodate a small ion such as Li+. 
In this work, we explored the possibility of stabilizing the high-temperature low 
thermal expansion structure of cubic ZrP2O7 to room temperature by putting univalent 
cations (Li+, Na+ or K+) into the interstitial spaces of the structure and compensating for 
the charge by substituting trivalent ions (e.g. Eu3+, Nd3+) for Zr4+. The systems that 
Sacks et al.34 explored were reexamined in the present work as well as new MIx(Zr1-
xMIIIx)P2O7 compositions. We looked at how the substitutions influenced the phase 





Direct syntheses of MIxZr1-xMIIIxP2O7 compounds (MI= Li+, Na+ and K+; MIII=Ga3+, 
Y3+, In3+, Nd3+ and Eu3+) have been carried out using standard solid state techniques 
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from Li2CO3 (or Na2CO3, K2CO3), ZrO(NO3)2.xH2O, a salt or oxide of the MIII ion (e.g. 
Ga2O3, Y(NO3)3, In(NO3)3, etc.) and NH4H2PO4 based on the method of Sacks et al.34 
Stoichiometric quantities of the alkali-, zirconium- and MIII-containing ingredients were 
mixed with excess NH4H2PO4 and finely ground (pressed into pellets in some cases), 
put into a covered ceramic crucible and heated up to 1100 oC for 12-15 hours. The 
product was quenched in air, reground with some additional NH4H2PO4 and refired at 
1200 oC for 20-30 minutes. The excess of NH4H2PO4 was used to because P2O5 is lost 
at the high temperatures of the reaction.22, 34 The samples prepared this way cover the 
0.1 ≤ x ≤ 0.4 stuffing range and are listed in Table 6.1 along with the specific synthesis 
conditions. LixZr1-xNdxP2O7 and LixZr1-xGaxP2O7 compositions have never been 
reported before. 
Some of the compositions already synthesized by Sacks et al.34 as well as Ota and 
Yamai were revisited35 due to the limited information on the materials’ thermal 
behavior and contradicting values for solubility limits in the two papers. A set of 
samples covering the 0.03 ≤ x ≤ 0.2 composition range has been synthesized by Michael 
M. Morant (Winthrop University), an undergraduate student working with our group in 
the summer of 2004, using an alternative synthesis method. The difference in the 
synthesis procedure was that no excess NH4H2PO4 (due to our concerns about the 
formation of glassy or impurity phases when excess phosphate is added, see section 
6.3.4) was used and that the mixture was slowly heated to 600 oC before regrinding. 




Table 6.1: List of MIx(Zr1-xMIIIx)P2O7 compositions prepared with 0.1 ≤ x ≤ 0.4. 
Many more samples were prepared, sometimes using modified synthesis 
conditions, but only the ones that appeared relatively pure by initial XRD 
and thus suitable for further studies are listed. 
 
Sample ID x Target composition Special condition 







8-10 % initial excess of 
NH4H2PO4, regrinding w/ extra 7 







12 % initial excess of NH4H2PO4 
at 1120 oC, regrinding w/ extra 10 
% before refiring at 1220 oC 
VTLZNP1 0.2 Li0.2Zr0.8Nd0.2P2O7 
10 % initial excess of NH4H2PO4, 
regrinding w/ extra 10 % before 
refiring 
VTLZIP4 0.2 Li0.2Zr0.8In0.2P2O7 
Pressed into pellet w/ 12 % excess 
of NH4H2PO4 at 1300 oC, 
regrinding w/ extra 10 %,  refiring 














10-11 % initial excess of 
NH4H2PO4, regrinding w/ extra 12-








12 % initial excess of NH4H2PO4, 
regrinding w/ extra 12 % before 
refiring 
VTLZNP3 0.3 Li0.3Zr0.7Nd0.3P2O7 
14 % initial excess of NH4H2PO4 
at 1140 oC, regrinding w/ extra 12 
% before refiring at 1250 oC 
VTLZNP7 and 8 
VTLZGP1 and 4 







Mix. dried at 300-350oC for 4 hrs 
w/ 12 % initial excess of 
NH4H2PO4, pellet pressed, 1120 oC 














10-15 % initial excess of 
NH4H2PO4, pellet pressed, 
reground w/ extra 5-10 % before 









6.2.2 X-ray powder diffraction 
Laboratory powder X-ray diffraction patterns were recorded for all of the samples 
using a Scintag X1 diffractometer. This instrument was equipped with a Cu Kα 
radiation source and a Scintag Peltier-cooled solid state detector. For most of the 
reported data sets, a scan rate of 2.5o/min and a step size of 0.02° were employed along 
with a 251 mm diffractometer radius, 2/1 mm slits on the tube side and 0.5/0.3 mm slits 
on the detector side. Data with better statistics, used for Rietveld refinement purposes, 
were collected with scan rates of 0.1-0.2o/min. The variable temperature measurements 
made use of a Scintag High-Low temperature stage that allowed data collection between 
–196 oC (with liquid nitrogen) and 300 oC under vacuum (see section 2.1.1). 
Data for Li0.4Zr0.6Ga0.4P2O7 (VTLZGP6) were collected at the High Temperature 
Materials Laboratory (HTML), Oak Ridge National Laboratory (Oak Ridge, TN) on a 
Philips X’Pert PRO MPD x-ray diffractometer with copper Kα radiation, a high count 
rate proportional detector (Miniprop) and an Anton-Paar XRK900 high-temperature 
Sample ID x 













stage. Polycapillary lens optics (10 mm x 10 mm aperture) and a 0.09o parallel plate 
collimator with Soller slits were used on the incident and diffracted beam sides, 
respectively. 
 
6.2.3 Synchrotron x-ray powder diffraction 
High-temperature synchrotron x-ray diffraction measurements on LixZr1-xEuxP2O7 
samples were carried out at beamline X14A of the National Synchrotron Light Source, 
Brookhaven National Laboratory (BNL), Upton, NY. An x-ray wavelength of 0.7285 Å 
was selected using a Si(111) double-crystal monochromator. A gas proportional counter 
with krypton and CO2 gas was used as detector. The samples were loaded into 
capillaries and placed in a capillary furnace for variable temperature measurements. 
   
Figure 6.4: Sample holder with the capillary containing the powder sample inserted 
on the top of the alumina tube (left) and the capillary furnace at X14A, 
NSLS, Upton, NY (right). 
 
6.2.4 Neutron powder diffraction 
Variable temperature neutron powder diffraction data for samples with the 
Li0.3Zr0.7Nd0.3P2O7 (VTLZNP8) and Li0.4Zr0.6Ga0.4P2O7 (VTLZGP6) nominal 
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composition were collected on the BT-1 high resolution powder diffractometer at the 
National Center for Neutron Research (NCNR) at NIST, Gaithersburg, MD (see Figure 
2.7). A Cu(311) monochromator with 15’ arcmin of in-pile collimation was used to 
select an incident wavelength of 1.5401 Å. This monochromator setting was chosen as 
it provides an optimal balance between intensity and resolution and is widely used to 
collect data for the Rietveld refinement of structures. 
 
6.2.5 Analysis of the diffraction data 
The powder diffraction data were analyzed using the program GSAS37 with the 
EXPGUI interface.38 Lattice parameters, site occupancies and phase fractions were 
determined by Rietveld refinement. For samples where no quantitative phase analysis 
was done, the lattice constants were extracted by Le Bail fitting. 
 
6.2.6 Thermal analysis 
Thermal analysis measurements were made with a Seiko 220 DSC instrument in the 
School of Polymer, Textile & Fiber Engineering, Georgia Tech. The instrument can be 
used for experiments up to 600 °C in nitrogen, oxygen or in air. The temperature 
calibration was checked with the ICTA (International Center for Thermal Analysis) 
standard set 759. All DSC peaks were observed at temperatures of ± 3 °C of the 
certified value, indicating that the instrument was well calibrated. 
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6.3 Results and discussion 
6.3.1 Synthesis problems and impurity phases 
Difficulties were encountered preparing phase pure samples with the desired MIxZr1-
xMIIIxP2O7 composition. In many cases, even after repeated grinding, pellet-pressing and 
firing cycles, the samples contained impurities that were clearly visible in the x-ray 
pattern. As Table 6.1 indicates, many different synthesis conditions were tried, but even 
the ones that seemed to work better than others did not always reproduce the same 
result. In addition, it turned out that even when the sample looked phase-pure by 
diffraction at room temperature, crystalline impurity phase(s) started to appear when the 
sample was heated (see section on high-temperature synchrotron experiments). This 
observation indicated the presence of some glassy component in the sample that was 
invisible in the room temperature x-ray pattern, but started to crystallize at higher 
temperatures. There are several possible reasons for these difficulties as outlined below: 
(1) The use of excess of NH4H2PO4 raised the question whether it leads to the formation 
of unwanted products. Solid state reactions are limited by the slow diffusion in solids. 
In order to get reasonable diffusion, high temperatures are required, but high 
temperatures may lead to loss of certain reactants. P2O5 is volatile at high temperatures, 
and excess phosphate was employed by Harrison et al.22 and Sacks et al.,22, 34 to account 
for the phosphate loss at the high temperatures of the reaction. However, based on some 
impurity phases (e.g. LiEuP4O12, Eu(PO3)3) found in some of the samples where a 
significant excess of NH4H2PO4 (up to 15 weight%) was used, we considered 
NH4H2PO4 a possible cause of the formation of glassy and crystalline impurities. In 
addition, in samples with higher x’s (x ≥ 0.3), where greater excess phosphate was used, 
 285
the amount of crystalline impurities seemed to be smaller, suggesting the possibility that 
more glassy material formed and the impurities ended up in the amorphous phase. 
Therefore, the synthesis of a set of samples with the LixZr1-xEuxP2O7 composition in the 
low doping concentration range (0.03 ≤ x ≤ 0.2) was attempted with no excess 
phosphate used (see Table 6.3 for a list of samples). (2) Solid solubility in ZrP2O7 is 
limited as suggested by previous reports on similar materials.34, 35 For instance, if the 
structure of a phase that forms is not related to cubic ZrP2O7, than the formation of that 
phase may pose a limit to the solid solubility. (In our case, if its structure is not related 
to cubic ZrP2O7, then it is considered as impurity.) (3) Alternative defect mechanisms 
(e.g. formation of oxygen or phosphorous vacancies) can also lead to undesired 
products. (4) Solid solution formation can be kinetically unfavorable. 
 
 
Figure 6.5: Impurities found in LixZr1-xEuxP2O7 samples (0 ≤  x ≤ 0.2): LiZr2(PO4)3 
and EuPO4. Data obtained by Michael Morant. 
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The impurity phases present were investigated in LixZr1-xEuxP2O7 samples with 0.03 
≤ x ≤ 0.2 (see Figure 6.5). LiZr2(PO4)3 and EuPO4 were identified as the main 
impurities. The following observations were made based on the presence of these two 
compounds and the variation of their quantities throughout the 0 ≤ x ≤ 0.2 range: (a) the 
Li-containing impurity LiZr2(PO4)3 disappeared above x = 0.12; (b) the presence of the 
Eu-containing impurity EuPO4 appears to be independent of the presence of the Li-
containing impurity. This means that using dopant concentrations above 12 molar%, we 
can get samples with less crystalline impurities, but we can not get rid of the Eu-
containing impurity in this composition range using our synthesis method. 
 
6.3.2 Calorimetric studies of the order-disorder phase transition 
The effect of stuffing on the temperature of phase transition was studied by 
differential scanning calorimetry (DSC). DSC is a useful tool for studying some phase 
transformations in small amounts of solid samples, as the DSC curve often shows a 
peak at the temperature of the phase transition. In the case of the order-disorder phase 
transition in ZrP2O7-type materials, where transformation requires an input of energy, 
the peak in the DSC is an endotherm. In order to check the effect of the individual 
stuffing species in LixZr1-xEuxP2O7 compositions, samples doped with only Eu and only 
Li, respectively, were prepared. No decrease in the temperature of phase transition was 
achieved in a sample with Li0.2Zr0.95P2O7 nominal composition (but two transitions were 
seen), and a depression of only about 10 oC was seen in Eu0.06Zr0.94P2O7 as shown by 
their DSC curves (see Figure 6.6a). The change in the temperature of the phase 
transition with the amount of doping in the LixZr1-xEuxP2O7 samples with nominal 0.03 
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≤ x ≤ 0.2 is illustrated in Figure 6.6b. The trend is not uniform with the nominal 
composition, which suggests that the actual compositions may be different. The 
introduction of Li and Eu into ZrP2O7 with a nominal amount of 20 molar% decreased 
the transition temperature by about 44 °C. The two datasets together suggest that the 
presence of both Li and Eu was needed to have any significant decreasing effect on the 
transition. 
   
Figure 6.6: The effect of doping by Li and Eu only, respectively, on the phase 
transition in ZrP2O7. The Li0.2Zr0.95P2O7 sample shows two phase 
transitions. (a); Change of the phase transition temperature with x in 
LixZr1-xEuxP2O7 samples (0.03 ≤ x ≤ 0.2) (b). 
 
 
The phase transition temperatures from the DSC data in Figure 6.6b along with the 
lattice constants determined by diffraction for LixZr1-xEuxP2O7 samples with 0.03 ≤ x ≤ 
0.2 are tabulated in Table 6.3. The table includes data for ZrP2O7 and samples with x = 
0.1 and 0.2 prepared with excess phosphate (in italics) for comparison purposes. The 
reasonably good agreement between the lattice constants and phase transition 
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temperatures for samples prepared using different synthesis conditions indicates that 
both synthesis procedures provide similar samples in this stuffing (x) range. The overall 
trend in the temperature of the phase transition indicates that Li and Eu were 
incorporated into ZrP2O7. 
 
Table 6.3: Lattice constants and phase transition temperatures for LixZr1-xEuxP2O7 
samples (0.03 ≤ x ≤ 0.2). Results on another ZrP2O7 sample and two 
samples prepared with phosphate excess (in italics) are included for 
comparison. Data for “MMM” samples were provided by M. Morant. 
 
Sample ID X Lattice constant (Å) 
Temp. of 
transition (oC) 
MMM2_ZrPO 0 8.2419(3) 281.7 
KMW122 0 8.2416(2) 282.0 
MMM3_LiEu03 0.03 8.2459(2) 257.2 
MMM8_LiEu045 0.045 8.2425(3) 262.6 
MMM12_1_LiEu045 0.045 8.2453(1) 255.7 
MMM12_2_LiEu045 0.045 8.2458(1) 255.6 
MMM1_LiEu06 0.06 8.2456(2) 260.4 
MMM1_LiEu06_2 0.06 8.2442(2) 260.3 
VTLZEP4 0.1 8.2460(2) 250.9 
MMM4_LiEu12 0.12 8.2464(2) 249.4 
MMM6_LIEu15 0.15 8.2487(2) 239.0 
MMM6_LiEu15_2 0.15 8.2476(2) 238.4 
MMM10_LiEu2 0.2 8.2466(2) 237.9 
VTLZEP3 0.2 8.2478(2) 246.5 
 
The DSC data of Table 6.3 are plotted in Figure 6.7a. The graph shows how the 
temperature of phase transition decreases as the amount of Li/Eu added increases. 
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Figure 6.7: Change of the phase transition temperature with the amount of doping 
cations in LixZr1-xEuxP2O7 with 0.03 ≤ x ≤ 0.2. Data for “MMM” 
samples were provided by Michael Morant. 
 
By extrapolating the straight line in Figure 6.7 to x = 1.0, we can crudely estimate 
the lowest phase transition temperature theoretically achievable by stuffing. The linear 
extrapolation suggests that even if all the Zr(IV) was substituted by Eu(III) and one 
Li+/formula unit was inserted, the temperature of the phase transition would be about 80 
oC. 
MIxZr1-xMIIIxP2O7 (MI= Li, Na, K; MIII= Ga, Eu and Nd) samples have been 
prepared with nominal 0.1 ≤ x ≤ 0.4 values using excess NH4H2PO4 as recommended 
by Sacks et al.,34 with rigorous regrinding and refiring steps and higher temperatures in 
the synthesis. Phase transition temperatures as given by DSC and room temperature 
lattice constants extracted from Rietveld analysis of the data are given in Table 6.4. 
In samples with 0.1 ≤ x ≤ 0.4, the maximum depression achieved in the temperature 
of the phase transition was 35.5 oC, for Li0.2Zr0.8Eu0.2P2O7. The greater the targeted 
extent of doping was, the greater the shift to lower temperatures up to a limit of about x 
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= 0.2 (see Figure 6.8). The DSC data for LixZr1-xEuxP2O7 (0.1 ≤ x ≤ 0.3) show a 
significant depression in the phase transition temperature going from the undoped 
ZrP2O7 to the composition with x = 0.2. For the sample with x = 0.3 
(Li0.3Zr0.7Eu0.3P2O7), no further depression in the phase transition temperature was seen. 
In fact, the transition temperature was similar to those of the x = 0.1 samples. This 
suggests that actual substitution/insertion does not occur to x’s greater than 0.2. These 
DSC results are consistent with the lattice constant data of Table 6.4, which indicate 
that the lattice constant for the 0.3 sample is much smaller than expected (suggesting 













Table 6.4: Temperatures of phase transition as well as lattice constants from XRD 
and neutron (denoted with “N”) data for MIxZr1-xMIIIxP2O7 samples with 
0.1 ≤ x ≤ 0.4. Where the low-temperature structure was used in the 
structural refinement, the lattice constant was divided by 3 for the sake 
of comparability. Cation size is given as the average size of MIII and Zr 








Sample x Cation size (pm) 
Temp. of 








VTLZEP4 0.1 88.3 250.9 8.2460(2) 
Li0.2Zr0.8Eu0.2P2O7 
VTLZEP3 0.2 90.5 246.5 8.2478(2) 
Li0.3Zr0.7Eu0.3P2O7 
VTLZEP5 0.3 92.8 250.4 8.2443(2) 
Li0.2Zr0.8Nd0.2P2O7 
VTLZNP1b 0.2 91.3 276.2 8.2323(2)
 
Li0.3Zr0.7Nd0.3P2O7 




VTLZGP4 0.3 83 278.3 8.2314(1) 
Li0.4Zr0.6Ga0.4P2O7 




VTNZEP1b 0.2 90.5 249.5 8.2394(2) 
K0.2Zr0.8Eu0.2P2O7 
VTKZEP1 0.2 90.5 276.5 8.2330(2) 
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Figure 6.8: Phase transition temperatures of different LixZr1-xEuxP2O7 samples with 
0.1 ≤ x ≤ 0.3. The data suggest a solubility limit around x = 0.2. 
 
When this experiment was repeated with another set of samples of the same 
composition, it gave identical results. The apparent solubility limit of x ~ 0.2 is in 
accordance with earlier reports for LixZr1-xEuxP2O7 materials.34 It is also consistent with 
the suspected formation of an additional glassy component, whose amount at higher 
doping concentrations is larger. Unfortunately, no compositions have been examined 
with x values between 0.2 and 0.3, therefore a more exact solubility limit can not be 
stated based on our data. As not all of the doping cations go into the pyrophosphate 
structure when higher concentrations are used, the question arises: can we be sure about 
full cation incorporation in the case of lower doping concentrations (such as x = 0.1 or 
0.2)? An attempt to address this issue is discussed in section 6.3.4, where we attempt to 
check the composition of the crystalline phase in selected samples by diffraction 
methods. 
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We investigated whether any trends can be established in the temperature of phase 
transition as a function of the size of both the alkali and the trivalent cations. In the light 
of the above observations regarding a possible solubility limit, stuffed samples with 
different MIII cations and 20 molar% incorporation (Li0.2Zr0.8Eu0.2P2O7 and 
Li0.2Zr0.8Nd0.2P2O7 compositions) were compared (see Figure 6.9). These comparisons 
are made with the assumption that the amount of cation incorporated is the same in all 
samples with x = 0.2. For the Eu3+ cation (radius: 108.7 pm), which is of smaller size 
than Nd3+ (112.3 pm), a greater negative shift was found in the phase transition 
temperature. This can mean two things: (a) it might suggest that smaller cation size 
makes the disordered high-temperature structure more favorable. However, more data 
would be needed for drawing a reliable conclusion, (b) it could indicate better 
incorporation with a smaller-sized cation. 
Comparison of the DSC results for stuffed samples containing different M+ cations 
(Li+, Na+ and K+) with x = 0.2 suggests that as the univalent cation gets smaller, the 
temperature of the phase transition decreases (see Figure 6.10). This is in agreement 
with the tendency observed for our pair of M3+ cations, and, again, may suggest that 
smaller-sized stuffing ions make the high-temperature ideal structure more favorable, or 
a better incorporation with the small-size ion. The apparent difference in the sharpness 
of the endothermic peak for the phase transition could actually be due to a more 
homogeneous composition achieved with the smallest-size cation of the three; Li+. 
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Figure 6.9: Phase transition temperatures in LixZr1-xMxP2O7 compounds with 
different M cations; Nd3+ and Eu3+ (x = 0.2). The radii are for octahedral 
coordination from Shannon and Prewitt.39 
 
 
Figure 6.10: Phase transition temperatures in M0.2Zr0.8Eu0.2P2O7 samples with 
different M+ cations (Li+, Na+ and K+) as seen by DSC. The radii are six-
coordinate cation radii from Shannon and Prewitt.39 
 
6.3.3 Variation of unit cell size with stuffing 
In general, the larger the size of the 4+ cation, the larger the unit cell, as was shown 
in Figure 6.3 for different pyroposphates with 4+ cations ranging from Si to Th (54-108 
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pm). Figure 6.11a shows the same, approximately linear trend in the size of the unit cell 
with the nominal amount of Li and Eu incorporated for all samples up to x = 0.2. In 
Figure 6.11b, lattice constants for LixZr1-xEuxP2O7 samples with x = 0.1, 0.2 and 0.3 
measured at 350 oC are plotted. Although these data are not representative of the actual 
amount of cations incorporated into the structure, the increase of unit cell size with 
increasing nominal concentration of the doping species indicates that some fraction of 
the Li and Eu ions actually go into the pyrophosphate framework. It should be noted 
that Figure 6.11b is not in accordance with Figure 6.8: according to the DSC results, 
essentially no greater decrease in the phase transition temperature was seen for the x = 
0.3 sample than for the 0.1 sample, while the increased lattice constant of the 0.3 
sample indicates that the stuffing cations were incorporated to a greater extent than for 
the 0.1 and 0.2 samples. These results seem to be contradictory, and they question the 
mechanism by which stuffing acts on the thermal behavior of the samples. Stuffing is 
expected to increase the thermal expansion coefficient of the material (see section 
6.3.5), but as the amount of incorporated cations in the (nominal) Li0.3Zr0.7Eu0.3P2O7 
sample is smaller than in the 0.2 sample, its lattice constant should also be smaller than 
that of Li0.2Zr0.8Eu0.2P2O7 sample at all temperatures. (The data in Figure 6.11b were 
obtained from high-temperature XRD measurements carried out at 350 oC, while the 
data of Table 6.4 are room temperature results.) 
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Figure 6.11: Change of the lattice parameter with the amount of doping species in 
LixZr1-xEuxP2O7 compounds, where 0 ≤ x ≤ 0.2 prepared with no excess 
P2O5, from room T XRD (a); Lattice constant versus x for LixZr1-
xEuxP2O7 compounds with x = 0.1, 0.2 and 0.3 prepared with excess 
P2O5, based on synchrotron XRD data at 350 oC. 
 
The variation of the temperature of the phase transition with the lattice constant for 
all LixZr1-xEuxP2O7 compositions is given in Figure 6.12. This is just another way of 
looking at how the thermal behavior of the samples changes with doping. The 
decreasing trend in the temperature of phase transition is in agreement with the trend 
from transition temperature vs. dopant concentration (x) graph (see Figure 6.7) and also 
with the relationship between the lattice constant and transition temperature (see Figure 
6.11). Doping with Li and Eu with up to 20 molar% nominal concentration resulted in a 
depression of the phase transition temperature in ZrP2O7, which is unfortunately not 
very significant from a practical point of view. 
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Figure 6.12: Phase transition temperature vs. lattice constant for all LixZr1-xEuxP2O7 
compositions with x ≤ 0.2. Data from Michael Morant. 
 
6.3.4 X-ray and neutron diffraction studies to confirm sample composition 
For the studies to determine the composition of our crystalline phases, room and 
high-T laboratory XRD, synchrotron XRD and neutron diffraction were used. All the 
prepared MIxZr1-xMIIIxP2O7 compositions could be indexed based on the cubic unit cell 
(using space group Pa3 ). 
The analysis of the room and high temperature laboratory XRD data gave unreliable 
results; the extracted values for x varied from sample to sample, even in the case of the 
same nominal composition, or were unreasonable. Due to this uncertainty in the 
laboratory x-ray results, we carried out synchrotron x-ray powder diffraction 
experiments on selected samples at 350 oC, above the expected phase transition 
temperature (where the simpler structure should describe the cubic pyrophosphate 
phase). Unfortunately, these measurements did not provide reliable site occupancy 
estimates either. The problem with the XRD data was most likely due to correlations 
between site occupancies, scale factors and thermal parameters. In the case of the 
laboratory XRD data, this was probably worsened by relatively poor statistics and the 
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difficulties to obtain a good quality fit to the low-temperature superstructure, which is 
far more complex than the high-temperature disordered one. 
Neutron diffraction can be used to locate lighter atoms in structures, because 
neutrons are scattered by the atomic nucleus and not the electrons, and thus the neutron 
scattering cross section does not vary systematically with the atomic number. Neutron 
diffraction has been used to locate lithium in, for instance, different polymorphs of 
LiZr2(PO4)3.40, 41 Our goal was to locate the inserted Li+ ions in the structure with the 
hope that by knowing where the lithium goes, we might be able to learn about how 
stuffing actually works in changing the thermal properties of the materials from a 
structural point of view. Rietveld analysis of the data was carried out without including 
Li in the structural model. The Fourier calculation option in the program GSAS37 was 
used to locate negative peaks in the difference Fourier map (Li has a negative neutron 
scattering length). The potential Li positions, which were at physically reasonable 
distances from the other atoms, were used in the subsequent refinement. However, the 
extracted Li-occupancies were unreasonably small. In addition, due to the noisiness of 
the neutron data, there was a large error associated with them, making the numbers of 
questionable value. 
The high-temperature synchrotron experiments provided us with important 
information regarding the sample preparation. In the samples with nominal composition 
Li0.2Zr0.8Eu0.2P2O7 and Li0.3Zr0.7Eu0.3P2O7, that were studied at 350 oC, a secondary 
phase LiEu(PO3)4 was found to grow in upon heating. As no significant amount of any 
crystalline impurity phase seemed to be present at room temperature, this suggests that 
LiEu(PO3)4 crystallized from an amorphous component that was present initially, but 
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was not detectable by room temperature x-ray diffraction. In the Li0.2Zr0.8Eu0.2P2O7 
sample (VTLZEP3), the amount of the impurity phase was estimated to be 24 weight%, 
representing ~50% of the added Eu.  
The bottomline is that our structural analysis attempts failed to determine reliable 
compositions for the samples studied and thus failed to confirm the presumed solubility 
limit of x = 0.2. 
 
6.3.5 The thermal expansion of LiIxZr1-xMIIIxP2O7 phases 
The linear coefficient of thermal expansion (CTE) was determined for several 
LixZr1-xMIIIxP2O7 samples based on variable temperature neutron and x-ray diffraction 
measurements. The CTE was calculated using the lattice constants obtained from 
structural analysis by Rietveld refinement method or Le Bail fitting. 
Thermal expansion studies were carried out on a few samples that were available at 
the time of the experiments. It is unfortunate that at the time of these measurements we 
were quite convinced (based on the XRD patterns) that successful doping was carried 
out up to x = 0.4. The following data are for MIxZr1-xMIIIxP2O7 samples with x = 0.1 - 
0.4. However, we have to keep in mind the results of the DSC and structural 
characterization (carried out at a later time) suggest a solubility limit of x = 0.2 - 0.3 
when drawing conclusions about the thermal expansion behavior of these phases. 
The lattice constants at different temperatures are tabulated in Table 6.6. Neutron 
data are only available for a limited number of temperature points. This is because the 
primary goal of the neutron experiments was to find the Li in the structure, and 
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therefore long data collection times (4-5 hours) were employed for better counting 
statistics. 
 
Table 6.5: Lattice constants (cell parameter a) for samples with nominal 
composition Li0.4Zr0.6Ga0.4P2O7 and Li0.3Zr0.7Nd0.3P2O7 as obtained from 






   Temp. 
(oC) 
a (Å) – X-ray a (Å) – Neutron a (Å) – Neutron 
25 8.2449(2) 8.2425(2) 8.2478(2) 
50 8.2437(2) - - 
100 - 8.2454(4) 8.2558(4) 
110 8.2472(2) - - 
170 8.2517(3) - - 
200 8.2572(3) - - 
260 8.2643(3) - - 
290 8.2703(3) - - 
294 - 8.2666(2) 8.2867(6) 
320 8.2780(3) - - 
340 - - 8.2886(1) 
350 8.2794(2) - - 
375 - 8.2847(3) - 
400 8.2823(3) - - 
430 - 8.2887(4) 8.2923(4) 
500 8.2888(4) - - 
600 8.2908(3) - - 
 
 
The variation of the lattice constant with temperature for the sample with nominal 
composition Li0.4Zr0.6Ga0.4P2O7 is shown in Figure 6.16 (bottom graph). We compare 
the thermal expansion curve for the material with that of cubic ZrP2O7 (top graph). 
There is a change in the slope of the thermal expansion curve with temperature, which 
shows some resemblance to that seen for ZrP2O7, but with a smaller discontinuity at the 
transition and a greater slope at high temperature. 
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Figure 6.13: Change of unit cell constant with temperature for Li0.4Zr0.6Ga0.4P2O7 
(variable T x-ray data) compared to that of ZrP2O7.35  
 
A straight line was fit to the two regions of different slopes in all cases and the 
corresponding thermal expansion coefficients were calculated (see Figure 6.15). It 
should be noted that dividing the curves into two regions and fitting straight lines to 
them is somewhat biased by the expectation that these materials, similarly to cubic 
ZrP2O7, show a phase transition somewhere around 300 oC. Fitting straight lines to the 
regions of apparently different slope and obtaining the linear thermal expansion 
coefficients is a simplified, yet informative, view of the changes in the thermal behavior 
of the material. By looking at the graphs in Figures 6.14 and 6.15, it can be argued that 
they can be divided into three regions instead of two. In that case an intermediate 
(transition) range would be considered between ~ 200 and 300 oC in Figure 6.15. 
 302
However, fitting three ranges to this kind of data does not appear to be the common way 
of interpreting the thermal expansion behavior of two phases of materials that display a 
phase transition.3, 4 The intermediate phase in the transition range exists over a rather 
narrow temperature range and therefore not interesting from a practical point of view.  
Due to the limited number of data points, these graphs do not precisely determine the 
temperature of the phase transition. 
 
Figure 6.14: Variation of the lattice constant with temperature for Li0.4Zr0.6Ga0.4P2O7 
(variable T x-ray data). Straight lines are fitted to the curve over the low- 
and high-temperature regions, respectively, and the corresponding CTEs 
are given. The CTE gets smaller above 290 oC. Errors on the numbers 
and a comparison to the CTE of ZrP2O7 are given in Table 7.6. 
 
If we plot the unit cell parameters from our variable temperature neutron diffraction 
measurements versus temperature for the sample with Li0.2Zr0.7Nd0.3P2O7 nominal 
composition (VTLZNP8), we also get a change in slope around 300 oC (see Figure 
6.16). Although the available data is very limited, the difference between the thermal 
expansion coefficients in the two regions is evident. From the very similar difference in 
the slopes over the two regions compared to that seen for Li0.4Zr0.6Ga0.4P2O7 in Figure 
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6.15, we can infer that the phase transition in the two samples is of similar nature, but 
may be different from that in cubic ZrP2O7. 
 
Figure 6.15: Variation of the lattice constant with temperature for Li0.3Zr0.7Ga0.3P2O7 
(variable T neutron data). Straight lines are fitted to the curve over the 
low- and high-temperature regions, respectively, and the corresponding 
CTEs are given. The CTE gets smaller above 294 oC. Errors on the 
numbers and a comparison to the CTE of ZrP2O7 are given in Table 7.6. 
 
The calculated linear thermal expansion coefficients along with literature results for 
some cubic pyrophosphates are tabulated in Table 7.6. The γ-polymorph of GeP2O7 is 
actually monoclinic, but very close to, and previously reported as, cubic, and shows 
practically isotropic thermal expansion.2 Both GeP2O72 and UP2O73, 25 display 
practically linear thermal expansion in the tabulated ranges. We consider the region 
below the temperature of the phase transition (or apparent change in the CTE) as the 
low-temperature region. For the MIxZr1-xMIIIxP2O7 compounds, the phase transition 
should fall between the end temperature of the low-temperature range and the beginning 
of the high-temperature range. Based on what is expected for cubic ZrP2O7-type 
materials, the high-temperature phase should have lower thermal expansion. This is 
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well seen in both Li0.4Zr0.6Ga0.4P2O7 (CTE decreased by about 50 % based on the high-
temperature XRD data) and Li0.3Zr0.7Nd0.3P2O7 (a decrease by 60 %). 
The CTEs for the low-temperature structure of our synthesized compositions are 
basically identical to the low-temperature CTE of ZrP2O7. In the high-temperature 
region, which is of more interest to us, the thermal expansion, although lower than in 
the low-temperature region, is greater than that of ZrP2O7. Stuffing seems to work 
against the mechanism for low thermal expansion in the high-temperature form. This is 
to be expected as the inserted Li+ probably blocks free space in the interstitials (our idea 
of suppressing the phase transition was based on this). It is not possible to say anything 
about the dependence of the thermal expansion on the identity of the stuffing ions and 
their concentration based on the data for Li0.4Zr0.6Ga0.4P2O7 and Li0.3Zr0.7Nd0.3P2O7 
only, because the CTEs are very close to one another (at least in the low-temperature 
region, but can also be very close in the high-temperature region considering the errors 
on the numbers) and the the exact composition of the major crystalline phase in the 


















Table 6.6: Linear thermal expansion coefficients for different pyrophosphate 
phases; Those for ZrP2O7, GeP2O7 and UP2O7 are literature values. The 
cation size refers to the radius of the 3+ cation in the octahedral 
coordination. In MIxZr1-xMIIIxP2O7 compounds, it is the weighted average 
radius of the 3+ and Zr(IV) cations. N denotes neutron diffraction data. 









25 – 290 
25 – 294  
1.16(30) x 10-5 
1.09(33) x 10-5 (N) 
ZrP2O77 Zr: 86 25 – 227 1.20(25) x 10-5 
Li0.3Zr0.7Nd0.3P2O7 
VTLZNP8 
Zr-Nd: 94 25 – 100 1.29(90) x 10-5 (N) 
UP2O725 U: 103 27 – 400 4.88(*) x 10-6 
High-temperature data 




320 – 600 
340 – 430 
5.42(30) x 10-6 
8.78(100) x 10-6 (N) 
ZrP2O77 Zr: 86 290 – 610 3.47(9) x 10-6 
Li0.3Zr0.7Nd0.3P2O7 
VTLZNP8 
Zr-Nd: 94 294 – 430 4.97(100) x 10-6 (N) 
* not reported 
 
6.3.6 Phase transition as seen by synchrotron x-ray diffraction 
A short set of measurements during our synchrotron studies on Li0.1Zr0.9Eu0.1P2O7 
and Li0.3Zr0.7Eu0.3P2O7 nominal compositions, confirmed the results obtained by DSC 
for these samples by following the phase transition in-situ (see Figure 6.17). At the 
onset of the phase transition, the peak width gets larger. The temperature where the 
strongest peak gets narrower and simultaneously gets more intense was taken as the 
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temperature of the phase transition.  Based on the following plots, the phase transition 
temperature is estimated to be around 250 oC for both samples. This temperature value 
is confirmed by our DSC studies on the same samples (250.9 oC for Li0.1Zr0.9Eu0.1P2O7 
and 250.4 oC for Li0.3Zr0.7Eu0.3P2O7). These data thus further confirm the 
counterintuitive observations pointed out in section 6.3.3: the transition temperatures for 
the x = 0.1 and 0.3 samples are almost identical by DSC and XRD, but their lattice 
constants at 350 oC are different. The phase with Li0.3Zr0.7Eu0.3P2O7 nominal 
composition, that contains less incorporated cations, should have smaller lattice 
constant (and thermal expansion) than the x = 0.2 sample. If none of the determined 
lattice constants are in error, this means that the nature of the mechanism by which 
stuffing acts in suppressing the phase transition is questionable. The phase transition is 
reversible as it seemed to be reproducible on cooling. 
   
Figure 6.16: The evolution of the phase transition in Li0.1Zr0.9Eu0.1P2O7 and 
Li0.3Zr0.7Eu0.3P2O7. Based on changes in the shape of the strongest peak 




The suppression of the order-disorder phase transition in ZrP2O7 was attempted by 
chemical modification. Through the partial substitution of Zr(IV) by a trivalent cation 
and the simultaneous insertion of Li+ into the interstitial spaces of the structure some 
new MIxZr1-xMIIIxP2O7 compounds were prepared. However, difficulties were 
encountered preparing phase pure samples with the targeted compositions. Due to 
several factors that may have affected the outcome of the synthesis, such as reagent 
excess/loss leading to formation of impurities, limit to the solid solubility, kinetics and 
possible alternative defect mechanisms, the compositions could not even be made in a 
reproducible fashion. The apparent solubility limit for these solid solutions was 
estimated to be around x = 0.2 (x being the lower index in the above chemical formula) 
based on DSC data. This solubility limit is in accordance with previous reports on 
similar phases. However, this upper limit of doping could not be verified by our 
structural analysis results. 
Although the temperature of the phase transition was lowered in the prepared 
samples relative to ZrP2O7 (by 44 oC at most), suppressing it to or below room 
temperature is not feasible with this method. With an increased unit cell size, a 
suppression of the phase transition and thus the stabilization of the high-temperature 
structure are expected. Although, increased nominal x, which also means increased unit 
cell size, leads to a greater depression in the phase transition temperature, unit cell size 
does not seem to be the only controlling factor in the thermal behavior; the identity of 
the cation is also important in the feasibility of the incorporation (size) along with the 
corresponding chemistry affecting the sample preparation. 
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The phase transition in MIxZr1-xMIIIxP2O7 compounds may not be of the same nature 
as seen in cubic ZrP2O7, as the shape of its lattice parameter versus temperature curve is 
different from that of the prototype compound as the discontinuity in the lattice constant 
at the transition is less pronounced. The high-temperature form of the compounds 
examined has smaller thermal expansion than that of the low-temperature phase, but 
larger than that of ZrP2O7. This means that stuffing, probably through blocking free 
interstitial space within the structure, acts against the mechanism that leads to low 
thermal expansion. This general statement can be made without knowing the exact 
composition of the phases that were examined. 
Further phase analysis using Rietveld refinement on samples with 0.03 ≤ x ≤ 0.2 and 
new samples in the 0.2 ≤ x ≤ 0.3 range, as well as variable temperature diffraction 
studies on more samples, particularly with doping concentrations lower than 0.3, could 
improve our picture with regards to what the exact solubility limits are and how stuffing 
works (mechanistically) in controlling the thermal expansion behavior. However, this 
would only help if samples with good purity could be prepared in a reproducible 
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CHAPTER 7  
 




Cation ordering/disordering can significantly affect the properties (phase transitions, 
thermal and electric behavior, etc.) of solid materials. In (MIII0.5MV0.5)P2O7-type 
compounds with the cubic ZrP2O7 structure, a disordered arrangement of the cations was 
expected to suppress the typical phase transition seen in ZrP2O7-related materials and 
stabilize the high-temperature low thermal expansion structure. Also, by controlling the 
ordering of the MIII/MV cations in the structure we hoped to control the thermal 
expansion properties of the materials. In this study, a range of MIIIMV(P2O7)2 compounds 
(MIII= Al3+, Fe3+, Ga3+, In3+, Y3+, Nd3+ and Bi3+; MV= Nb(V), Ta(V)) have been prepared 
including several new compositions. Different heat treatments have been used in an 
attempt to manipulate the cation ordering. Thermal history seems to have little effect on 
cation ordering. We found that the thermal expansion of the high-temperature phase can 
be lowered relative to that for ZrP2O7 through the substitution of Zr by a combination of 
MIII and MV cations in the case of Y0.5Nb0.5P2O7. However, different cation combination 
led to different thermal expansion behavior. A decrease in thermal expansion at higher 
temperature, suggesting that there may be an order-disorder type phase transition similar 
to that in ZrP2O7, was only observed for Y0.5Nb0.5P2O7. The materials Al0.5Ta0.5P2O7 and 






Cation ordering can significantly affect the properties (phase transitions, thermal and 
electric behavior, etc.) of solid materials. The influence of MIII and MV cation ordering on 
ferroelectric properties has been shown in the perovskite ferroelectrics PbIn0.5Nb0.5O3 
(PIN)1-4 and PbSc0.5Ta0.5O3 (PST, see section 1.5.2).5-9  
The structure and thermal behavior of cubic ZrP2O7, which will be our prototype 
compound for this chapter, was already discussed in sections 1.2.1 and 6.1. The material 
undergoes a phase transition from an ordered superstructure with normal positive thermal 
expansion to a disordered high-temperature (also referred to as “ideal”) structure that 
exhibits low intermediate thermal expansion (CTE = 3.5x10-6 K-1) at ∼290 oC (see Figure 
7.1).10 
 
Figure 7.1: Thermal expansion of cubic ZrP2O7. There is a dramatic change in the 
CTE through the phase transition. Taken from Ota and Yamai.11 
 
There have been prior reports of pyrophosphate materials with mixed MIII/MV 
cations. Oyetola et al. have reported the preparation of (MIII0.5MV0.5)P2O7 compositions 
(where MIII = Sb, Bi, Nd or Eu and MV = Nb, Sb or Ta), having structures closely related 
to that of cubic ZrP2O7.12, 13 These materials can be thought of as ZrP2O7 with the Zr 
“replaced” by two metal ions, an MIII and an MV, in 1:1 molar ratio. They reported long-
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range ordering of the MIII/MV cations in some of their samples with the β-SbP2O7 
structure (closely related to cubic ZrP2O7), and short-range ordering in their cubic 
Eu0.5Ta0.5P2O7 sample. Oyetola et al. speculated that cation ordering occurs due to size 
differences.12 Although, in materials of this type, the dominant driving force for ordering 
is likely to be the requirement of local charge balance, size differences may also play an 
important role. In analogy to previous observations in the perovskite ferroelectrics,1-3, 7, 8 
it seemed possible that the degree of cation ordering in the material could be manipulated 
by the heat treatment conditions used during sample preparation as well as the choice of 
the metal ions (MIII and MV). If the sample is cooled down from the synthesis 
temperature very slowly, it might be expected to show at least partial cation ordering. On 
the other hand, quenched samples are expected to display a “frozen” snapshot of the 
high-temperature disordered state. 
It should be noted that cation ordering, that has to do with the occupancy of the 
cations among crystallographic sites, should be distinguished from ordering of the 
structure in the context of an disorder-order phase transition, which in the case of ZrP2O7, 
involves the order of P2O7 units, in particular the bending of the P-O-P bond angles to 
avoid the unfavorable 180o angles present in the high-temperature superstructure. 
To the best of our knowledge, no studies have been done on the thermal expansion 
and phase transition behavior of the reported (MIII0.5MV0.5)P2O7 phases. However, cubic 
Bi0.5Ta0.5P2O7 made by Oyetola et al. appears to adopt the ideal (high-temperature) 
ZrP2O7-structure at room temperature as they did not observe extra reflections indicative 
of a superstructure.12 Manipulating the degree of ordering in the MIII/MV cation 
arrangement was investigated as a mean for tuning both the thermal expansion properties 
 
 316
and phase transitions seen in these materials. A disordered arrangement of the cations 
was expected to suppress the typical phase transition seen in ZrP2O7-related materials and 
stabilize the high-temperature low thermal expansion structure. 
In the present work, the synthesis of several new (MIII0.5MV0.5)P2O7 phases was 
accomplished, and their thermal expansion as well as their phase transition behavior was 




The (MIII0.5MV0.5)P2O7 phases were prepared by a solution/sol-gel route with the 
exception of Bi0.5Ta0.5P2O7. The solution route made use of a very reactive 5+ cation 
source, tantalum or niobium pentaethoxide, and involved the dissolution of a salt of the 
3+ cation (usually nitrate pentahydrate) in absolute ethanol and the use of the chelating 
agent acethyl acetonate (2,4-pentanedione or acac) to slow down the hydrolysis of the 
ethoxide. A mixture containing the MV-pentaethoxide, ethanol and acac in a 1:10:2 ratio 
was added to an ethanolic solution of the MIII cation while stirring. The amount of 
ethanol used to dissolve the salt of the MIII cation was kept to the minimum needed to 
dissolve all the salt (typically ∼5-6 ml was needed per mmol cation). Finally, a 
stoichiometric amount of (NH4)2HPO4, dissolved in the minimum amount of water 
necessary, was quickly added to the mixture, and a gelatinous precipitate formed. A 
xerogel was obtained by drying the mixture at 100 oC overnight. The xerogel was 




For the preparation of Bi0.5Ta0.5P2O7, a “slurry” was made from the Ta-
pentaethoxide:ethanol:acac 1:10:2 mixture, crystalline Bi(NO3)3⋅5H2O and concentrated 
(85 %) phosphoric acid in a platinum crucible. The slurry was stirred for 20 minutes, 
dried at 200 oC overnight then heated at 700 oC for 12 hours. 
“Fast-cooled” and “slow-cooled” samples were prepared in order to examine the 
effect of thermal history on cation ordering. Fast-cooled samples were taken out of the 
furnace and were air-quenched to room temperature. Slow-cooled samples were cooled in 
the furnace at a rate of ~1 oC/min. 
For the studies of cation ordering on prolonged annealing (see section 7.3.4), four 
portions of selected samples as loose powders were heated to 600, 700, 800 and 900 oC, 
respectively, in covered crucibles and held at those temperatures for 19 days. These 
samples were cooled down in air (fast cooling). 
 
7.2.2 Laboratory x-ray diffraction 
Laboratory powder X-ray diffraction patterns were recorded for all of the samples 
using a Scintag X1 diffractometer. This instrument was equipped with a Cu Kα radiation 
source and a Scintag Peltier-cooled solid state detector. For most of the reported data sets, 
a scan rate of 2.5o/min and a step size of 0.02° were employed along with a 251 mm 
diffractometer radius, 2/1 mm slits on the tube side and 0.5/0.3 mm slits on the detector 
side. Data with better statistics used for Rietveld refinement purposes were collected with 
scan rates of 0.1-0.2o/min. The variable temperature in-house measurements made use of 
a Scintag High-Low variable temperature stage attachment that allowed data collection 
between -196 oC (with liquid nitrogen) and 300 oC under vacuum (see section 2.1.1). 
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High-temperature powder x-ray diffraction experiments were also carried out using 
two other instruments with optical systems that eliminated problems due to the variation 
of sample height with temperature. Early data for In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 were 
collected at the High Temperature Materials Laboratory (HTML), Oak Ridge National 
Laboratory (Oak Ridge, TN) on a Philips X’Pert PRO MPD x-ray diffractometer with 
copper Kα radiation, a high count rate proportional detector (Miniprop) and an Anton-
Paar XRK900 high-temperature stage. Polycapillary lens optics (10 mm x 10 mm 
aperture) and a 0.09o parallel plate collimator with Soller slits were used on the incident 
and diffracted beam sides, respectively. 
Additional data for Al0.5Ta0.5P2O7, In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 were collected on 
an X’Pert PRO MPD diffractometer from PANalytical in the X-ray Analysis Group, 
Materials Science and Engineering, Georgia Tech with Cu Kα radiation from a 1.8 kW 
special ceramic copper tube. A parallel beam configuration (PreFIX optics) with 0.04 
degree Soller slits was used on the incident beam side and 0.09 degree parallel plate 
collimators on the diffracted beam side. A scintillation detector was used during data 
collection. An Anton-Paar HTK1200 high-temperature furnace was used for the 
measurements (see Figure 2.2). For temperature calibration, two NIST DTA temperature 
standards (NIST, Gaithersburg, MD) were used: KClO4 and Ag2SO4 (standard # 8759). 
Analysis of the diffraction data to extract lattice constants and peak profile parameters 





7.2.3 Thermal analysis 
Thermal analysis measurements were made with a Seiko 220 DSC instrument in the 
School of Polymer, Textile & Fiber Engineering, Georgia Tech. The instrument can be 
used for experiments up to 600 °C in nitrogen, oxygen or in air. Temperature calibration 
was checked with the ICTA (International Center for Thermal Analysis) standard set 759. 
All DSC peaks were observed at temperatures of ± 3 °C of the certified value, indicating 
that the instrument was well calibrated. 
 
7.3 Results and discussion 
7.3.1 Phase identification and variation of lattice constants with cation size 
The room temperature lattice constant and average cation size are listed for all 
samples prepared in Table 7.1. The compositions Al0.5Ta0.5P2O7, Ga0.5Ta0.5P2O7, 
Fe0.5Ta0.5P2O7, In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 have been prepared for the first time. 
The lattice constants show a trend with the average size of the cations substituting for 
Zr4+: the larger the cations are, the larger the unit cell (see also Figure 7.3). In0.5Nb0.5P2O7 
has a smaller unit cell than ZrP2O7, the “parent” compound with the same average 
octahedral cation size. This may be due to differences in the ordering of different size 
cations. Bi0.5Ta0.5P2O7 also displays a smaller lattice constant than expected based on the 
size of Bi3+. However, the quality of the Bi0.5Ta0.5P2O7 sample was rather poor based on 
its x-ray diffraction pattern and it is possible that the phase does not have the exact target 
composition. A composition with more Ta than Bi in the octahedral sites, coupled with a 
necessary number of crystal defects (cation vacancies) to maintain charge balance, could 
result in a unit cell size smaller than expected. 
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Table 7.1: Ionic radii and lattice constants for (MIII0.5MV0.5)P2O7 compounds prepared 
by quenching. The ionic radii are given as the average radii of the M3+ and 
M5+ cations (six-coordination). The lattice constants were determined 
from Le Bail fitting of room temperature diffraction data. Sample 
KMW122 was kindly provided by Kathy White. Cation radii are taken 
from Shannon and Prewitt.16 For Fe3+, the high-spin radius was used as 
Fe3+ is more likely to be in the high-spin state in similar oxides. 
 
 




VTAlTa3 72.8 7.8863(5) 
Ga0.5Ta0.5P2O7 
VTGaTa6 77 7.9233(12) 
Fe0.5Ta0.5P2O7 
VTFeTa1 78.2 7.9807(3) 
ZrP2O7 





VTYNb1 91 8.2617(2) 
Nd0.5Ta0.5P2O7 
VTNdTa7 95.2 8.3047(5) 
Bi0.5Ta0.5P2O7 
VTBiTa10 97.5 8.2334(3) 
 
In0.5Nb0.5P2O7, Y0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7 were prepared successfully with only 
small amounts of impurities (see Figure 7.2a). Traces of InPO4 and TaPO5 as well as 
AlPO4 and TaPO5 were found in In0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7, respectively. A small 
amount of an impurity phase was found in Y0.5Nb0.5P2O7 by XRD which was not 
successfully identified. These three samples were further examined by variable 
temperature XRD and DSC. The samples Fe0.5Ta0.5P2O7, Bi0.5Ta0.5P2O7, Ga0.5Ta0.5P2O7 
and Nd0.5Ta0.5P2O7 (see Figure 7.2b) contained larger amounts of impurities (TaPO5 and 
NdPO4) and/or were not well crystallized and therefore were not used further. 
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Figure 7.2: X-ray patterns of the samples prepared by quenching; a) samples with 
almost no impurities - In0.5Nb0.5P2O7, Y0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7; b) 
samples with more impurities - Fe0.5Ta0.5P2O7, Bi0.5Ta0.5P2O7, 
Ga0.5Ta0.5P2O7 and Nd0.5Ta0.5P2O7. 
 
The lattice constants were determined by Le Bail fitting of the laboratory x-ray 
diffraction data. As was discussed in Chapter 6, the unit cell size of cubic pyrophosphates 
varies in an almost linear fashion with the radius of the octahedral cation. We made a 
comparison with the data for MP2O7 compounds (Figure 6.3), in order to see whether the 
trend is valid for (MIII0.5MV0.5)P2O7 compounds when the radii of the MIII and MV cations 
are averaged. Figure 7.3a shows the lattice constant as a function of cation radius for our 
MIII0.5MV0.5P2O7 compositions, while Figure 7.3b shows the same data along with the 
lattice constants for the MP2O7 compounds, where M is a 4+ cation. The variation of our 
MIII / MV lattice constants with average ionic radius (closed circles in Figure 7.2b) 




Figure 7.3: Variation of the lattice constant for different (MIII0.5MV0.5)P2O7 phases 
with the average size of the substituting cations (data from Table 7.1); (a); 
Lattice constant vs. size of the M4+ ion for cubic MP2O7 compounds (open 
symbols) and vs. the average cation size for (MIII0.5MV0.5)P2O7 samples 
(closed symbols) (b). 
 
7.3.2 The effect of replacing MIV by (MIII0.5MV0.5) on the order-disorder phase 
transition in MIII0.5MV0.5P2O7 compositions 
 
DSC analysis of quenched In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 showed no endothermic 
peak at all (see Figure 7.4) suggesting that an order-disorder phase transition typical of 
ZrP2O7 either occurred over a very wide temperature range so that is was not visible in 
the DSC, or it did not occur at all. It is possible that these compounds adopt the high-
temperature ideal cubic ZrP2O7 structure even at room temperature as reported for 
Bi0.5Ta0.5P2O7 by Oyetola et al.12 If the ideal disordered structure was adopted by these 
materials at room temperature, it might be advantageous relative to ZrP2O7, as this 




Figure 7.4: DSC of quenched In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 compared with that of 
ZrP2O7. 
 
In order to explore the possibility of cation ordering in the samples, with the goal of 
examining the effect of cation ordering on the thermal properties, the samples of 
In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 were split into two halves and held at the synthesis 
temperature (1000 oC) for 30 minutes. One half was then quenched rapidly to room 
temperature, while the other half was let to cool down in the furnace very slowly. 
Comparison of the DSC of the fast- and slow-cooled samples showed only very small 




   
Figure 7.5: Effect of heat treatment conditions on the thermal properties in 
In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 as seen by DSC. 
 
If ordering of the cations was achieved to a significant extent upon slow-cooling of 
the material, one would expect a difference between the DSC curves of the samples with 
a less ordered and a more ordered arrangement of cations, respectively. Provided that, 
similarly to ZrP2O7, both the ordered 3 x 3 x 3 superstructure and the disordered structure 
is possible in these materials, the ordered sample would show an endotherm marking the 
phase transition to the disordered structure at some temperature. However, no apparent 
sign of a phase transition is visible in the DSC graphs for any of the samples. Careful 
inspection of the graphs around the 300 oC region (where the transition occurs in ZrP2O7) 
shows a bump in the “slow-cooled” curve between 250 and 300 oC. A broad bump is 
clearly visible in the case of In0.5Nb0.5P2O7, which rather looks like an 
experimental/instrumental artifact. However, the feature was reproducible upon repeating 




7.3.3 The effect of slow cooling on cation ordering as seen by XRD 
Comparison of the room temperature x-ray diffraction patterns for fast-cooled and 
slow-cooled In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 samples, respectively, shows an interesting 
result (see Figure 7.6). The peak positions for the slow-cooled samples were slightly 
shifted to higher 2θ values in all cases suggesting that the lattice constant got slightly 
smaller. The fact that it was observed in all sample pairs studied (at least five: samples 
VTInNb1-2, VTYNb1-2 and VTYNb3) suggests that the finding is not an experimental 
artifact due to sample packing differences or instrument problems. This shift meant a 
change of 0.1 degree 2θ in the case of In0.5Nb0.5P2O7 (strongest peak shifted from 22.060 
to 22.160 degrees) resulting in lattice parameter change of about a hundredth of an 
Angstrom from 8.0878(2) to 8.0808(2). The same ∼0.1 degree shift for Y0.5Nb0.5P2O7 
(21.554 to 21.667) resulted in a change in the lattice constant of about the same 





Figure 7.6: Shift of the positions of the diffraction peaks to higher angles for 
In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 samples indicating a slightly smaller unit 
cell size in the slow-cooled samples. 
 
The more ordered the structure, the smaller the size of the unit cell. Therefore, this 
observation suggests a difference in the degree of cation ordering between the fast-cooled 
and slow-cooled samples. When the sample undergoes slow cooling, the ions have more 
time to move around and find the sites corresponding to higher degree of ordering, 
because higher temperature required for thermal motion is maintained for longer. 
Ordering could be accompanied by an appearance of extra diffraction peaks as cations 
sites that used to be equivalent in the disordered state become unique. However, if the 
ordering does not take place over a long range, then the extra reflections are so broad that 
they are not visible in the x-ray pattern. These results, therefore, suggest that the cation 
ordering that occurred on slow-cooling, if any, was only on a short length scale. 
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7.3.4 Study of cation ordering on annealing 
Equal portions of In0.5Nb0.5P2O7, Y0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7 sample were held 
at four different temperatures (600, 700, 800 and 900 oC) for 19 days in order to look for 
cation ordering on prolonged annealing. All samples were air-quenched from the 
temperature of the heat treatment. Visual examination of the diffraction patterns for the 
annealed samples did not reveal any obvious differences in the positions of the peaks (see 
Figure 7.7). Had there been a change in cation ordering with the temperature of heat 
treatment, a change in peak positions or maybe extra superstructure reflections would 
have occurred. 
However, changes in sample composition were observed for two of the materials. In 
Y0.5Nb0.5P2O7, as the annealing temperature increased, the amount of impurity 
phases/decomposition products also increased. The sample that was annealed at 900 oC 
seemed to contain some remaining cubic pyrophosphate phase and decomposition 
products, from which only NbPO5 was positively identified. The impurities in the 
Al0.5Ta0.5P2O7 sample also became quite significant on annealing. Only the In0.5Nb0.5P2O7 
(all temperatures) and Y0.5Nb0.5P2O7 (up to the 800 oC sample) were of sufficient quality 





Figure 7.7: Diffraction patterns for In0.5Nb0.5P2O7 samples after different heat 
treatment conditions. The starting sample is the one synthesized at 1000 
oC and quenched in air. The other samples were held for 19 days at the 
temperatures indicated in the figure. No major changes were detected. 
 
Le Bail fitting of the diffraction data for the In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 samples 
showed that the lattice constants remained practically unchanged as the annealing 
conditions varied, and actually all values agree with earlier lattice constants for the as-
synthesized samples (see Table 7.1). An analysis of the peak shapes and widths, the 
Gaussian (GW) and Lorentzian (LY) peak parameters, showed no observable trend in the 
GWs (see Table 7.2). However, the LY component of our model related to the 
microstrain in the material showed an increase with annealing temperature. As the “as 
synthesized” sample had the smallest LY value, this suggests that the microstrain may 
have increased due to phosphate loss on prolonged heating. The higher the temperature of 
the heat treatment, the greater the phosphate loss may have been and thus the degree of 
microstrain. The lack of change in the lattice constants on annealing at any temperature 
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suggests that cation ordering, or the lack of it, is not sensitive to the annealing conditions 
examined. 
 
Table 7.2: Fitting results on XRD data of In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 samples 
exposed to a series of different heat treatments. Portions of the “as made” 
samples synthesized at 1000 oC were heated at 600, 700, 800 and 900 oC 
for 19 days. 
 
In0.5Nb0.5P2O7 (VTInNb1) Y0.5Nb0.5P2O7 (VTYNb1) 
As made 
(1000 oC) 
a = 8.0893(1) Å 
GW = 13.3(3) 
LY = 9.0(3) 
As made 
(1000 oC) 
a = 8.2607(3) Å 
GW = 36.6(9) 
LY = 27.6(5) 
600 oC 
a = 8.0885(1) Å 
GW = 14.6(3) 
LY = 13.4(2) 
600 oC 
a = 8.2604(2) Å 
GW = 24.8(7) 
LY = 38.4(4) 
700 oC 
a = 8.0903(1) Å 
GW = 10.2(3) 
LY = 15.6(2) 
700 oC 
a = 8.2610(2) Å 
GW = 19.4(7) 
LY = 41.2(4) 
800 oC 
a = 8.0912(1) Å 
GW = 12.8(3) 
LY = 16.3(2) 
800 oC 
a = 8.2596(2) Å 
GW = 20.6(8) 
LY = 42.3(4) 
900 oC 
a = 8.0893(2) Å 
GW = 15.4(5) 




7.3.5 Thermal expansion in (MIII0.5MV0.5)P2O7 compounds 
In the light of the DSC results discussed in section 7.3.2, we were eager to determine 
the thermal expansion coefficients for some of our (MIII0.5MV0.5)P2O7 phases. The 
variation of the lattice constants with temperature is also very sensitive to phase 
transformations (see Figure 6.2), thus the change in (or the invariance of) thermal 
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expansion can decide whether the lack of an endothermic peak in the DSC indicates the 
non-existence of a phase transition. 
Several variable temperature x-ray studies have been carried out on the samples 
In0.5Nb0.5P2O7 and Y0.5Nb0.5P2O7 in the 25 – 600 oC and the -200 – 600 oC temperature 
range, respectively, as well as one experiment on Al0.5Ta0.5P2O7 between 25 – 600 oC. 
Lattice constants were obtained using Le Bail fits at each temperature. The data are 
tabulated in Table 7.3. The variation of the lattice constant with temperature for all three 
materials is shown in Figures 7.8-7.11. In all three cases, we see a change in the slope the 
thermal expansion curves with temperature. This change is rather slight for Al0.5Ta0.5P2O7 
and In0.5Nb0.5P2O7 and appears to be an increase in slope from around 285 and 260 oC, 
respectively. For Y0.5Nb0.5P2O7, the slope of the curve becomes smaller at higher 
temperature. These changes in the thermal expansion of all samples were reproducible. In 
Figures 7.9 and 7.10, two datasets from two different experiments carried out on the same 
samples but different instruments are plotted. A straight line was fit to the two regions of 











Table 7.3: Lattice constants (a) for (MIII0.5MV0.5)P2O7 samples as a function of 
temperature as obtained by Le Bail fitting of the variable temperature 
XRD data. Top table: MSE, Georgia Tech data (GT) and HTML, Oak 












(VTYNb1)     Temp. 
(oC) 
a (Å) - GT a (Å) – GT a (Å) - GT 
Temp. 
(oC) a (Å) - 
HTML 
a (Å) - 
HTML 
20 7.8855(3) - - 25 8.0862(2) 8.2557(2) 
25 - 8.0895(1) 8.2583(2) 50 8.0903(2) 8.2597(3) 
30 7.8865(2) 8.0897(1) - 110 8.0929(2) 8.2621(4) 
40 - - 8.2580(2) 170 8.0967(2) 8.2652(5) 
55 7.8876(3) 8.0921(1) 8.2593(2) 200 8.0989(3) 8.2671(4) 
105 7.8915(3) 8.0965(1) 8.2619(2) 260 8.1037(3) 8.2700(3) 
155 7.8966(3) 8.1017(1) 8.2646(2) 290 8.1067(3) 8.2705(3) 
210 7.9003(3) 8.1065(1) 8.2667(2) 320 8.1087(3) 8.2721(3) 
260 7.9049(3) 8.1117(1) 8.2689(2) 350 8.1109(3) 8.2734(3) 
285 7.9064(3) 8.1142(2) 8.2701(2) 400 8.1165(4) 8.2747(4) 
310 7.9082(3) 8.1169(1) 8.2712(2) 500 8.1263(5) 8.2760(4) 
335 7.9107(3) 8.1194(1) 8.2721(2) 600 8.1350(6) 8.2778(4) 
360 7.9130(3) 8.1220(1) 8.2729(3) 
410 7.9176(3) 8.1274(1) 8.2750(3) 
460 7.9234(3) 8.1332(1) 8.2767(3) 
510 7.9283(3) 8.1389(1) 8.2784(3) 
560 7.9345(3) 8.1447(1) 8.2800(3) 











(oC) a (Å) 
-196 8.2547(3) -25 8.2606(4) 
-185 8.2543(3) 0 8.2608(5) 
-165 8.2544(3) 25 8.2618(3) 
-145 8.2551(3) 50 8.2605(3) 
-125 8.2559(3) 110 8.2654(3) 
-105 8.2563(3) 170 8.2688(3) 
-85 8.2562(3) 200 8.2698(3) 
-65 8.2576(3) 260 8.2724(3) 
-45 8.2580(3) 290 8.2730(3) 
 
It should be noted that dividing the curves into two regions and fitting straight lines to 
them is somewhat biased by the expectation that these materials, similarly to cubic 
ZrP2O7, may show a phase transition somewhere around 300 oC. Therefore, for a more 
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objective representation of the data, a graph without the straight lines was also included 
for each compound. The change of the thermal expansion coefficient can also be 
represented by a smoothly bending curve, which might be expected for a phase transition 
occurring over a broad temperature range (DSC results). Fitting straight lines to the 
regions of apparently different slope and obtaining the linear thermal expansion 
coefficients is a simplified, yet informative, view of these changes. 
 
   
Figure 7.8: Variation of the lattice constant with temperature in Al0.5Ta0.5P2O7. 
Straight lines are fitted to the curve over the low- and high-temperature 
regions, resp. The thermal expansion coefficient gets larger above 360 oC. 






     
Figure 7.9: Variation of the lattice constant with temperature in In0.5Nb0.5P2O7. Data 
from two different experiments are plotted: Philips X’Pert PRO, HTML, 
Oak Ridge (open symbols), PANalytical instrument, MSE, Georgia Tech 
(closed symbols). Straight lines are fitted to the curve over the low- and 
high-temperature regions, resp. The thermal expansion coefficient gets 
larger from ~260 oC. 
 
 
   
Figure 7.10: Variation of the lattice constant with temperature for Y0.5Nb0.5P2O7. Data 
from two different experiments are plotted: Philips X’Pert PRO, HTML, 
Oak Ridge (open symbols), PANalytical instrument, MSE, Georgia Tech 
(closed symbols). Straight lines are fitted to the curve for the MSE data 
over the low- and high-temperature regions, resp. The thermal expansion 





Figure 7.11: Variation of the lattice constant with temperature for Y0.5Nb0.5P2O7. Data 
from two different experiments are plotted: Philips X’Pert PRO, HTML, 
Oak Ridge (open symbols), Scintag instrument, Wilkinson Group, Georgia 
Tech (closed symbols). Straight lines are fitted to the curve for the data 
over the low- and high-temperature regions, resp. The thermal expansion 
coefficient gets smaller above ~320 oC. 
 
The two datasets plotted for In0.5Nb0.5P2O7 differ from one another in slope, but they 
give similar temperatures for the change in slope. The data at room temperature are 
actually in good agreement and also agree with the data of Table 7.1, which were 
collected with our in-house diffractometer. For Y0.5Nb0.5P2O7, deviations are seen at 
higher temperature in Figure 7.10 and also between the slopes of the thermal expansion 
curves at room temperature in Figure 7.11. The fact that the deviations are not systematic 
in any of the cases suggests that it may be due to differences in instrumental 
configuration. The most likely instrumental cause of a difference in lattice constants 
obtained from different powder x-ray diffraction measurements on the same sample is the 
variation of sample height with temperature. However, in the case of both Figure 7.9 and 
7.10, data collected with instruments presumably insensitive to sample height variations 
are plotted. Thus, in those cases the origin of the slight differences may be due to other 
instrumental factors such as for example temperature calibration. The data from our in-
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house instrument plotted in Figure 7.11 (closed symbols) were collected using optics that 
can not eliminate the effect of sample height displacements on the lattice constants. For 
those data, sample height variations were accounted for by the use of an internal standard 
mixed into the sample as described in section 2.1.1. The difference between these two 
datasets might be a result of a combination of errors due to inadequate sample height 
correction and again the different instruments. Nevertheless, the temperature dependence 
of the thermal behavior of the materials is equally well reflected in data from all sources. 
The calculated linear thermal expansion coefficients along with literature results for 
some cubic pyrophosphates are tabulated in Table 7.4. The γ-polymorph of GeP2O7 is 
actually monoclinic, but very close to, and previously reported as, cubic, and shows 
practically isotropic thermal expansion.17 We consider the region below the temperature 
of the apparent change in the CTE as the low-temperature region. For the 
(MIII0.5MV0.5)P2O7 compounds, the phase transition, if any, should fall between the end 
temperature of the low-temperature range and the beginning of the high-temperature 
range. However, as the temperature regions were taken from the lattice constant vs. 
temperature data based on visual examination of the graphs, this is a rather subjective and 
crude way of estimating the temperature of phase transition. Also, we have to keep in 
mind that no phase transition was seen by DSC, thus, if there is one, it probably happens 







Table 7.4: Linear thermal expansion coefficients for different (MIII0.5MV0.5)P2O7 
phases along with literature values for ZrP2O7, GeP2O7 and UP2O7. The 
cation size refers to the radius of the 3+ cation in the octahedral 
coordination. In (MIII0.5MV0.5)P2O7 compounds it is the average radius of 
the 3+ and 5+ cations. Low-temperature and high-temperature data are 
separated within the table. HTML: data with open symbols from the 
graphs, GT: data with solid symbols, HOME: data with solid symbols in 
Figure 7.11. 
 
Compound/Sample Cation size (pm) T range (oC) CTE (K-1) 
Low-temperature region 
ZrP2O710 Zr: 86 25 – 277 1.20(25) x 10-5 
Al0.5Ta0.5P2O7 
VTAlTa3 




25 – 260 
25 – 210 
9.20(30) x 10-6 (HTML) 




25 – 320 
30 – 335 
6.73(30) x 10-6 (HTML) 
5.47(20) x 10-6 (GT) 
UP2O718 U: 103 27 – 400 4.88(*) x 10-6 
High-temperature region 
GeP2O717 Ge: 67 295 – 970 1.11(*) x 10-5 
Al0.5Ta0.5P2O7 
VTAlTa3 
Al-Ta: 72.8 410 – 610 1.39(30) x 10-5 (GT) 




290 – 600 
260 – 610 
1.12(42) x 10-5 (HTML) 




350 – 600 
360 – 610 
2.13(44) x 10-6 (HTML) 
4.11(24) x 10-6 (GT) 
* not reported 
 
Al0.5Ta0.5P2O7 and In0.5Nb0.5P2O7 show very similar behavior. Above ~360 oC and 
~260 oC, respectively, the slope of the thermal expansion curve slightly increases (see 
Figures 7.8 and 7.9). For Al0.5Ta0.5P2O7, the linear coefficient of thermal expansion 
changes from 1.02 x 10-5 (20-360 oC range) to 1.39 x 10-5 K-1 (260-610 oC range). An 
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increase of similar magnitude is seen for In0.5Nb0.5P2O7. These changes are very small, 
especially in the light of the errors on the CTE values. The CTE for the low- temperature 
range calculated from data collected on the same instrument (GT data) is almost identical 
for the two materials, and the same is true for the high-temperature values. The 
observation that the CTE is slightly greater at high temperature is surprising, as the high-
temperature ZrP2O7 structure is known to show decreased thermal expansion compared to 
the low-temperature one.10, 19 Notable is the difference in the graphs of Figures 8 and 9 
from the shape of the thermal expansion curve of cubic ZrP2O7 (see Figure 7.1): 
practically no discontinuity is seen in the thermal expansion of these materials. Both 
these observations suggest that the observed change in the CTE is not indicative of a 
phase transition from an ordered to a disordered structure analogous to that of ZrP2O7. 
This is accordance with the thermal analysis data as well, which did not show any sign of 
a well-defined phase transition such as the order-disorder transition in cubic ZrP2O7. In 
the low-temperature region, both In0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7 seems to have a 
slightly smaller CTE than ZrP2O7 (cannot be definitively stated due to the errors on the 
CTE’s). The average cation size in Al0.5Ta0.5P2O7 (72.8 pm) is smaller than the size of the 
Zr4+ in octahedral coordination (86 pm), in In0.5Nb0.5P2O7 it is 86 pm.  For a smaller unit 
cell size, larger thermal expansion is expected. The smaller thermal expansion relative to 
ZrP2O7 can only be explained by an effect of the presence of two different cations in the 
octahedral sites and their disorder. However, even with a disordered arrangement of the 
cations the unit cell of both In0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7 seems to remain smaller 
than that of ZrP2O7 at all temperatures, as indicated by the comparison of our and 
Khosrovani’s data,10 and as a consequence of  the cation sizes (Zr(IV): 86 pm, Al3+: 67.5 
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pm, In3+: 94 pm, both Ta(V) and Nb(V): 78 pm16). The greater CTE at high temperature 
compared to ZrP2O7 follows the general trend that was also seen in the stuffed 
pyrophosphates (see Chapter 6); thermal expansion increases as the unit cell gets smaller. 
The behavior of Y0.5Nb0.5P2O7 is different from that of In0.5Nb0.5P2O7 and 
Al0.5Ta0.5P2O7. Y0.5Nb0.5P2O7 shows a decrease in the thermal expansion coefficient 
above 320-360 oC. The material may display low thermal expansion at high temperature, 
but due to the relatively large difference between the CTE determined at HTML, Oak 
Ridge (2.13x10-6 K-1) and the one determined at Georgia Tech (4.11x10-6 K-1), it cannot 
be stated with certainty if it is smaller than that of ZrP2O7. The low-temperature CTE is 
definitely smaller than in ZrP2O7, and those calculated for In0.5Nb0.5P2O7 and 
Al0.5Ta0.5P2O7. The trend in the thermal expansion with average cation size (Y3+: 104 
pm16) in the three materials is in accordance with the previous observation that CTE 
decreases with increasing unit cell size, except that the CTEs for In0.5Nb0.5P2O7 and 
Al0.5Ta0.5P2O7 are practically the same. Although, the behavior of Y0.5Nb0.5P2O7 is similar 
to that of ZrP2O7 in the sense that a decrease in CTE is expected in the high-temperature 
from, the shape of the thermal expansion curve is largely different from the discontinuous 
curve characteristic of ZrP2O7. The substitution of Zr4+ in ZrP2O7 by a combination of 3+ 
and 5+ cations with a larger average radius lowers the thermal expansion coefficient of 
the material. 
We examined the x-ray diffraction pattern of Y0.5Nb0.5P2O7 before and after the phase 
transition looking for any evidence of extra reflections that might appear due to formation 





Figure 7.12: X-ray diffraction pattern for Y0.5Nb0.5P2O7 (sample VTYNb1) before (285 
oC) and after (410 oC) the change in slope of lattice constants versus 
temperature. No changes in the pattern are detected. Data collected using 
the PANalytical instrument in MSE, Georgia Tech. 
 
7.4 Conclusions 
Zr(IV) in ZrP2O7 can be substituted by a combination of different 3+ and 5+ cations 
resulting in (MIII0.5MV0.5)P2O7 compositions with the cubic ZrP2O7 structure. 
Synthesis/heat treatment conditions seems to have little effect on the ordering of the 
cations; slower cooling resulted in only short-range ordering as indicated by x-ray 
diffraction. In addition, prolonged heating at higher temperatures seems to results in 
microstrain and decomposition possibly due to phosphate loss. This suggests that the 
manipulation of cation ordering through the synthesis conditions is not an effective way 
of controlling the thermal expansion in cubic pyrophosphate materials. However, the 
choice of MIII cation apparently has a significant effect on the physical properties. 
Although thermal analysis of our (MIII0.5MV0.5)P2O7 compositions indicated no apparent 
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phase transition in the materials, variable temperature XRD revealed changes in their 
thermal expansion with temperature. This change may be an increase in the coefficient of 
thermal expansion at higher temperatures for In0.5Nb0.5P2O7 and Al0.5Ta0.5P2O7, while a 
reduction in the CTE was seen for Y0.5Nb0.5P2O7 at higher temperature. This contrasting 
behavior can only be explained by both taking into consideration the cation sizes and the 
fact that two cations of different size are present in the octahedral sites as opposed to 
ZrP2O7. In the samples with smaller average cation size (In0.5Nb0.5P2O7 and 
Al0.5Ta0.5P2O7), the smaller low-temperature CTE compared to ZrP2O7 can only be 
rationalized by assuming that the 3+ and 5+ cations of different size have a somewhat 
disordered arrangement. The difference in the variation of the lattice constant with 
temperature for all (MIII0.5MV0.5)P2O7 compositions relative to ZrP2O7 suggests that a 
phase change occurs in the 260-360 oC temperature range and it is not strictly analogous 
to the order-disorder phase transition seen in cubic ZrP2O7. 
Unfortunately the temperature of change in CTE for Y0.5Nb0.5P2O7 is no lower than 
that seen for cubic ZrP2O7, which makes this material impractical for real-life 
applications such as use in low-expansion ceramics. Nonetheless, the low CTE of the 
high-temperature structure of Y0.5Nb0.5P2O7 indicates that by full substitution of Zr(IV) in 
ZrP2O7, the thermal expansion can be lowered, and the size of the substituting cations 
(unit cell size) is an important controlling factor in the thermal expansion behavior of 
these materials. 
Calorimetric measurements using better instrumentation under controlled conditions 
as well as careful electron diffraction studies could be helpful in providing a better 
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CHAPTER 8  
 
FLUORINERT AS A PRESSURE-TRANSMITTING MEDIUM FOR HIGH-




Fluorinert is widely used as a liquid pressure-transmitting medium in high-pressure 
diffraction work. A systematic study of five different fluorinerts was carried out using 
single-crystal X-ray diffraction in a diamond anvil cell in order to determine the pressure 
range over which they provide a hydrostatic stress state to the sample. It was found that 
none of the fluorinerts studied can be considered hydrostatic above 1.2 GPa, a lower 















For high pressure diffraction experiments (either single-crystal or powder), it is often 
necessary to ensure that the force applied to the sample crystal(s) is homogeneous and 
that the sample is free of any differential stress or shear strain. To achieve this, the 
crystal(s) within the pressure chamber must be immersed in a medium that displays 
hydrostatic behavior, for example a liquid or gas, under all conditions of interest. 
Nonhydrostatic stress leads to significant broadening and shifts in the position of the 
diffraction peaks from the sample and, thus, inaccurate unit cell data.1-4 It can also 
promote or suppress phase transitions.5-9 Although the degree of diffraction line 
broadening depends sensitively upon a number of factors, including the physical state and 
the elastic constant tensor of the sample, this limitation of the cell/medium invariably 
degrades the quality of the resulting diffraction pattern by means of a loss of effective 
instrumental resolution.10 The practice of neglecting the nonhydrostatic compression 
effect and taking the lattice parameter as the average of the lattice parameters calculated 
from the measured d-spacings of the observed reflections results in overestimation of the 
lattice parameter and the standard deviation in the lattice parameter.4 Furthermore, the 
apparent pressure registered by internal pressure standards can also be affected by 
nonhydrostatic stresses,2, 3, 11-14 resulting in incorrect equation of state parameters being 
determined from pressure-volume data. 
Diamond anvil cells (DACs) are used extensively to record X-ray diffraction patterns 
from samples compressed to high pressures. These experiments give interesting 
information on the phase transitions and equations of state of materials over wide 
pressure ranges. A well-characterized stress state (ideally hydrostatic pressure) is 
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essential for a rigorous interpretation of the diffraction data. The need for hydrostaticity 
made the use of fluid pressure media, although more difficult to use and load than solid 
media, quite important for high pressure X-ray diffraction measurements. In DACs, a 
metal gasket to contain the sample and the pressure-transmitting medium between the 
diamond anvils is commonly used to render the stress state of the sample hydrostatic, at 
least up to the solidification pressure of the pressure-transmitting medium. However, the 
use of fluid pressure-transmitting medium does not always result is hydrostatic pressure. 
As the pressure is raised above the solidification point of the medium, the stress state of 
the sample begins to deviate from hydrostatic. Pressure-transmitting media usually 
exhibit a continuous increase in viscosity with increasing pressure prior to solidifying 
into a glassy state, so the onset of nonhydrostatic pressure is also expected to be gradual.4 
Even at lower pressures, the stress state can become nonhydrostatic if the sample starts 
bridging the anvils due to excessive thinning of the gasket or due to large initial thickness 
of the sample. In this context, knowing whether the stress state of the sample is 
hydrostatic or nonhydrostatic is very important as it greatly affects the diffraction data to 
be analyzed. 
One of the most commonly used pressure media for single-crystal diffraction studies 
is the (water-saturated) 4:1 methanol:ethanol mixture, which is generally believed to 
remain at least quasihydrostatic to its glass transition at 10.4 GPa11. Miletich et al.15 gave 
an overview on the most frequently used pressure-transmitting media. Their comparison 
shows that for pressures above 10-15 GPa there is no ambient-pressure liquid available 
and thus successful application to single-crystal work is necessarily tied to relaxation of 
nonhydrostatic stresses with time or at elevated temperature, or to the use of gaseous 
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pressure media. They reported the maximum pressure of (quasi)hydrostaticity for several 
fluid pressure media including silicone oil, water, isopropyl alcohol, glycerine-water 
mixture, petroleum ether, pentane-isopentane mixture, methanol, methanol-ethanol 
mixture and methanol-ethanol-water mixture, in the list silicone oil being at the low end 
with <2.0 GPa and methanol-ethanol-water at the high end with 14.5 GPa. If alcohol in 
known to react or dissolve the sample, then a number of alkane-based fluids can be used, 
such as petroleum ether or a mixture of pentane and isopentane.15-17 However, while all 
of these compounds can be used for x-ray diffraction measurements, they are all 
hydrogenated and thus give rise to incoherent scattering and high backgrounds in neutron 
diffraction experiments. 
Fluorinerts, the brand name for a range of products supplied by 3M (St. Paul, MN), 
are completely fluorinated aliphatic compounds, contain no hydrogen and, thus, are ideal 
for neutron diffraction experiments. They also have the advantage that they are 
chemically inert and can, therefore, be employed with a wide variety of samples that may 
dissolve or react with the more commonly used pressure media. Fluorinerts thus became 
widely used as pressure-transmitting media in high-pressure neutron diffraction 
experiments, especially in pressure cells of the Paris-Edinburgh design.18, 19 In this 
particular cell design, the nonhydrostaticity of the pressure medium also served to reduce 
stress on the anvils; in its original configuration maximum pressures of only 2-3 GPa 
could be achieved with hydrostatic pressure media compared to 9-10 GPa with 
fluorinert.10  
Recent experiments suggest that fluorinert is hydrostatic to 0.6 GPa,20, 21 but evidence 
for a low hydrostatic limit of fluorinert goes back at least to the work of Decker et al.22 
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They showed that the use of fluorinert completely suppresses the monoclinic-to-
rhombohedral phase transition in lead phosphate that normally occurs at 1.8 GPa (room 
temperature) under hydrostatic conditions and had therefore transmitted shear stresses to 
the lead phosphate sample that stabilized the monoclinic ferroelastic phase. More 
recently, line broadening in high-pressure neutron powder diffraction experiments has 
been attributed to the nonhydrostaticity of fluorinert, but estimates of the pressure range 
at which broadening starts range between 0.7 and 5 GPa.17, 23-26 
Part of this variation may be due to the many types of commercially available 
fluorinerts, of which the grades FC-70, FC-75 and FC-77 and sometimes a mixture of 
FC-70 and FC-77, have been used for high-pressure studies. But there has been no 
systematic determination of the maximum pressure to which they provide hydrostatic 
pressure conditions. In addition, the use of fluorinert as a pressure medium had been 
considered for high-pressure x-ray diffraction experiments in a DAC for this thesis work, 
and was actually used by our group before (see section 4.3.2.1). We have, therefore, 
performed experiments on five different grades of fluorinert in order to determine the 
pressure range over which they provide hydrostatic conditions. This was achieved by 
compressing a quartz single-crystal using each of these fluorinerts as a pressure medium 
in a DAC and monitoring the changes in the positions and widths of the diffraction peaks 
as a function of pressure. 
 
8.2 Experimental 
Fluorinert samples were obtained commercially; FC-40, FC-70, FC-72 and FC-75 
from Acros Organics (Fisher Scientific, Pittsburgh, PA) and FC-77 from Sigma Aldrich 
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(St. Louis, MO). Gem-quality single crystals of twin-free natural quartz were also 
obtained commercially. The same quartz sample was used for all of the fluorinerts. 
“BGI” (Bayerisches Geoinstitut, Bayreuth, Germany) and “ETH” (Swiss Federal Institute 
of Technology, Zurich, Switzerland) designs of diamond anvil cell (DAC)15, 27 were used 
(see Figure 8.1). The single-crystal was mounted in the DAC along with the fluorinert 
and sealed. The gasket in each experiment was 250 µm thick stainless steel (Inconel) that 
was preindented to a thickness of 92 µm. The sample whole was drilled in the steel 
gasket using a spark-erosion drilling machine. The diamond anvils had a culet face 
diameter of 0.6 mm. Pressure adjustment was achieved by turning two pairs of right- and 
left-handed bolts in the cell. 
   
Figure 8.1: Picture and exploded view of the ETH diamond anvil cell. RT: room 
temperature, HP: high pressure, M2: alignment screws, M5: bolts, UP: 
upper platen, RH: rocking hemisphere, BE: beryllium seat, GH: gasket 
holder, SL: spring leaf, YZ: translation stage, GP: guide pins, LP: lower 
platen.15 
 
8.2.1 Single crystal x-ray diffraction 
Single-crystal diffraction measurements were performed at room temperature and 
high pressures using Huber four-circle diffractometers with Eulerian-cradles (see Figure 
8.2), one at Virginia Tech (Blacksburg, VA) and one at the Bayerisches Geoinstitut 
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(Bayreuth, Germany). The measurements at the Bayerisches Geoinstitut were carried out 
by Ross J. Angel, our collaborator on this work. The physical parameters of the 
diffractometer at Virginia Tech are very similar to that in Bayreuth.28 These instruments 
are optimized for extremely precise measurements of lattice parameters at high-pressures 
in diamond-anvil cells.29 The four-circle goniometers were built from model 511.1 χ 
circles with an offset ϕ drive mounted on two model 420 bases for ω and 2θ motions. 
The ω and χ circles are driven with stepper motors with 0.00125o steps, the 2θ and ϕ axes 
with 0.0025 steps. Final peak profiles are made by scanning the ω  axis, keeping the 2θ 
and ϕ axes stationary, so that the 0.0025o step size of the latter did not degrade the 
resolution. The diffractometers are equipped with unfiltered Mo sealed-tube X-ray source 
(Mo Kα radiation, 50 kV, 40 mA) without a monochromator to provide clean, stable and 
reproducible peak-profile shapes. The source-to-crystal distance was 40 cm and the 
crystal-to-detector distance was 35 cm. The incident beam was collimated using a 0.5 
mm aperture close to the source, and the detector area was defined by adjustable parallel 
slits. For the experiments in this paper the slits defining the divergence in the 2θ  plane 
were kept at 9 mm width, and the perpendicular set was at 2 mm spacing. Of particular 
importance is that the instrument configurations lead to a full width at half maximum 
(FWHM) of the individual components of the α1-α2 doublet of the diffracted beams from 
the quartz sample of approximately 0.05o under hydrostatic conditions. This means the 




Figure 8.2: An Eularian four-circle goniometer with all circles positioned at zero. The 
axes of the Cartesian coordinate system of Busing and Levy30 are 
superimposed. The circle motions for positive parities are indicated.29 
 
Both diffractometers were driven by the SINGLE program.29 The algorithm used for 
centering diffraction peaks is described in full in an earlier work of Angel et al.28 The 
determination of the setting angles for an individual peak started with an initial 
determination of approximate positions 2θ, ω and χ by the iteration of a sequence of 
relatively coarse scans of these axes coupled with parabolic fits to determine the positions 
of maximum intensity. The final step scan of a diffraction peak is performed with the ω 
circle and the resulting profile is fitted with a constrained pair of pseudo-Voigt functions 
that represent the contribution of the Kα1 and Kα2 components of the x-ray spectrum.29 
This refinement procedure provides the peak position of the Kα1 component to a 
precision better than 0.01o, as well as the refined FWHM of the individual components. 
Each diffracted beam was centered in eight positions on the diffractometer, and the 
setting angles were determined following the method of King and Finger31 to eliminate 
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the effects of diffractometer circle zero-offsets, crystal offsets and aberrations in the 
diffractometer alignment. 
The body of the diamond anvil cell limits the angles of the incident and diffracted x-
ray beams to within ∼45o of the cell axis. Therefore, the number of accessible reflections 
from the crystal is limited. With the 010 face of the quartz lying approximately parallel to 
the culet faces of the diamond anvils, up to 15 low-angle reflections are accessible (100, 
101, 10-1, 110, -210, 012, -102, 102, -112, 1-12, 112, -212, 11-2, 2-12, -212), although 
some of these become inaccessible at higher pressures due to either increases in 2θ values 
or small rotations of the crystal within the cell. For each fluorinert sample a series of 
measurements at different pressures was carried out up to a pressure at which significant 
peak broadening had occurred. After each pressure adjustment, a two-position centering 
was carried out on the diffractometer of the 101 or 10-1 reflection to get an idea of the 
extent of pressure change. If the pressure was close to the target value, an eight-position 
centering was carried out usually using two reflections to get more reliable estimates of 
the peak widths and positions. The 2 θ value of the quartz 101 and 10-1 peaks determined 
in this way allowed pressure determination with a precision of better than 0.01 GPa via 
the known variation of the cell parameters with pressure.28 The reported peak widths at 
each pressure are the average of the widths refined at each of the eight positions and the 
estimated uncertainty is calculated as the standard deviation of these values. 
As the primary object of these measurements was to detect the onset of line 
broadening of the diffraction peaks from the quartz crystal as a result of non-hydrostatic 
stresses applied by the pressure medium, cell parameters were not determined at every 
pressure point. If more than two reflections were centered then vector least-squares fits32 
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were performed to the values of all the setting angles (2θ, ω and χ) to determine unit cell 
parameters unconstrained by symmetry. 
 
8.3 Results and discussion 
The five different fluorinerts that were studied, FC-75, FC-70, FC-72, FC-40 and FC-
77, essentially cover the entire range of physical properties available with this class of 
compounds (see Table 8.1). 
 
Table 8.1: Typical physical properties (from the Selection Guide for 3MTM 
FluorinertTM Electronic Liquids) of the fluorinert grades studied.  
 
Fluorinert 




340.0 415.0 420.0 650.0 820.0 
Typical boiling 
point (oC) 56.0 97.0 102.0 155.0 215.0 
Density 
(g/cm3) 1.68 1.78 1.77 1.87 1.94 
Kinematic 
viscosity (cs) 0.4 0.8 0.8 2.2 14.0 
Vapor pressure 
(Torr) 232.0 42.0 31.0 3.0 <0.1 
 
With each fluorinert, the pressure in the DAC was gradually increased until 
significant peak broadening was observed (typically amounting to a doubling of the peak 
width), and then gradually released until the initial peak width was recovered. Diffraction 
data were collected at several pressure points during both compression and release. The 
change of the full peak width at half maximum (FWHM) for the most intense reflection 
(101) with pressure was followed in each experiment. All scans were ω-scans, thus the 
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plotted FWHM values are ω-width values. The full peak width at half maximum values 
as a function of pressure for the fluorinert grades studied are tabulated in Table 8.2. 
 
Table 8.2: Full peak widths at half maximum (FWHM) for the (101) reflection of the 
quartz single crystal compressed in different fluorinert grades as a function 
of pressure. 
 





















0.56 0.051(3) 0.25 0.046(3) 0.00 0.056(5) 0.60 0.046(4) 0.01 0.052(3) 
0.61 0.051(3) 0.44 0.046(3) 1.03 0.054(3) 0.73 0.047(4) 0.32 0.052(3) 
0.67 0.051(3) 0.61 0.046(3) 1.22 0.061(5) 0.85 0.045(4) 0.41 0.052(3) 
0.76 0.051(3) 0.66 0.048(3) 1.39 0.058(3) 0.95 0.046(4) 0.53 0.052(3) 
0.93 0.051(3) 0.76 0.047(4) 1.40 0.058(2) 1.07 0.057(5) 0.96 0.085(4) 
1.07 0.054(5) 0.86 0.045(3) 1.45 0.057(2) 1.22 0.065(5) 1.12 0.082(3) 
1.37 0.074(10) 0.93 0.047(3) 1.47 0.062(3) 1.40 0.073(6) 1.02 0.080(3) 
1.60 0.103(13) 1.24 0.066(8) 1.90 0.081(3) 1.67 0.083(7) 0.86 0.134(4) 
1.90 0.151(20) 1.62 0.150(40) 2.06 0.093(4) 1.88 0.095(9) 0.85 0.079(4) 
1.64 0.131(13) 2.24 0.214(60) 2.41 0.148(13) 1.79 0.079(8) 0.33 0.051(3) 
1.59 0.078(13) 2.13 0.196(50) 1.67 0.081(7) 1.70 0.085(7) 0.23 0.055(3) 
0.62 0.051(3) 2.00 0.112(40) 1.51 0.071(7) 1.53 0.101(6) 0.50 0.054(3) 
0.32 0.049(3) 1.17 0.070(7) 1.39 0.074(8) 0.08 0.047(4) 0.86 0.079(7) 
0.00 0.045(3) 0.51 0.047(4) - - 0.015 0.048(4) 1.60 0.097(7) 







Upon increasing the pressure, the widths of the diffraction peaks from the quartz 
sample initially remain the same as at room pressure. Above a given pressure, the peak 
widths increase with increasing pressure, up to a point at which it is no longer possible to 
reliably determine either their widths or positions. We associate a nominal “hydrostatic 
limit” with either the first detection of broadening, or the pressure at which the 
broadening is extrapolated back to zero (see Table 8.3). We observed two types of 
behavior on pressure release that may also affect the apparent hydrostatic limit of these 
pressure media. For three of the samples (FC-72, FC-77 and FC-75) the peak width 
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recovers on pressure reduction (sometimes with some hysteresis), indicating that the 
mechanism of broadening is essentially reversible on the time scale of a few hours of the 
experiments (see Figure 8.3-8.5). 
   
Figure 8.3: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-72 upon compression (a) and 
decompression (b – with the compression curve shown with dotted line). 
The straight lines drawn between the points serve as a guide to the eye.  
 
   
Figure 8.4: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-77 upon compression (a) and 
decompression (b – with the compression curve shown with dotted line). 




   
Figure 8.5: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-75 upon compression (a) and 
decompression (b – with the compression curve shown with dotted line). 
The straight lines drawn between the points serve as a guide to the eye.   
 
By contrast, for FC-70, which was the most viscous fluorinert with the highest boiling 
point, upon releasing pressure for the first time, an increase in peak width was observed 
at about 0.85 GPa (see Figure 8.6). When compressed for the second time, the sample 
displayed two significant peak width increases but the sudden jump during pressure-
release was absent (see Figure 8.7). Similar but less pronounced behavior was also 
observed with FC-40, the second most viscous fluorinert (see Figure 8.8). This non-
reversibility seems to be more pronounced in the more viscous fluorinerts, which 
suggests that it may be alleviated by temperature annealing. Without such annealing, it 
means that the hydrostatic limit on subsequent pressure cycles maybe lower than that 




Figure 8.6: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-70 during compression (a) and pressure 
release (b – with compression also shown). An increase in peak width was 
observed at about 0.85 GPa. The straight lines drawn between the points 
serve as a guide for the eyes. 
 
  
Figure 8.7: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-70 during the second compression (a) and 
pressure release (b – with compression also shown). The increase in peak 
width on decompression was absent this time. The straight lines drawn 





Figure 8.8: Change of average peak width (FWHM) of the quartz (101) reflection 
with pressure for fluorinert FC-40 during compression (a) and pressure 
release (b – with compression also shown). An increase in peak width was 
observed at about 1.5 GPa. The straight lines drawn between the points 
serve as a guide for the eyes. 
 
All fluorinerts studied led to significant peak broadening beginning from a pressure of 
around 1 GPa or lower. From the physical properties point of view, FC-70, which was the 
most viscous fluorinert with the highest boiling point, provided hydrostatic conditions 
until about 0.6 GPa only. FC-72 is from the other end of the series regarding physical 
properties, it has the smallest boiling point and viscosity, it is the most volatile fluorinert 
among the samples. As expected based on this, the peaks started to broaden at a higher 
pressure (around 1.1 GPa), indicating that FC-72 requires a higher pressure to solidify. 
However, despite the quite different physical properties of FC-40 and FC-77 (FC-40 has 
a boiling point higher by 60 degrees, an average molecular weight greater by 235 and its 
kinematic viscosity is three times greater than that of FC-77), their behavior under 
pressure didn’t seem to reflect this difference, as both fluorinerts showed peak 




Table 8.3: Observed hydrostatic limits for the fluorinert grades studied. A nominal 
hydrostatic limit was associated with either the first detection of 




grade FC-72 FC-77 FC-75 FC-40 FC-70 
Hydrostatic 
limit (GPa) ∼1.05 ∼0.95 ∼1.20 ∼0.95 ∼0.55 
 
8.4 Conclusions 
The precise mechanism of peak broadening due to non-hydrostatic pressure media in 
a single-crystal diffraction experiment is not fully understood, although it is clear that it 
must differ from that in a powder diffraction experiment.4 Furthermore, the degree of 
broadening is presumably also a function of the components of the elastic tensor of the 
sample crystal, its orientation with respect to the stress field of the pressure medium, and 
the stress state of the medium. Nonetheless, the detection of peak broadening in a single-
crystal experiment is proof that a non-hydrostatic stress has been applied to the sample 
crystal. The absence of broadening, however, does not prove that the medium is truly 
hydrostatic. The pressures that we found for the onset of broadening (see Table 8.3) are, 
therefore, upper limits on the pressures to which the various fluorinert compounds remain 
hydrostatic pressure media at room temperatures. Our results show that all of the 
fluorinerts that we studied become non-hydrostatic at pressures of less than 1.2 GPa, that 
being the limit observed for the FC-75 grade, while the FC-70 grade becomes non-
hydrostatic below 0.6 GPa. However, there does not appear to be a strong correlation 
between the physical properties and the hydrostatic limit of these fluorinerts. We also 
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POSSIBILITIES FOR FUTURE WORK 
 
Some possibilities for further investigations have already been pointed out at the end 
of the conclusions for certain chapters. At the end of Chapter 3, during the examination 
of the high-pressure behavior of A2M3O12 compounds with two different A3+ cations we 
pointed out that the trends in the phase transition temperature and pressure, as well as the 
compressibility could not be fully explained by considering only the physical properties 
of the ions (such as size and electronegativity) and the packing densities of the 
compounds. A comprehensive understanding of the effect of the chemistry of the cations 
can probably only be achieved by considering also the thermodynamics; both entropic as 
well as enthalpic factors. We presume that there is a significant loss of vibrational 
entropy on going from the orthorhombic to the monoclinic phase, which entropy change 
will be dependent on the identity of A3+. The entropy of the orthorhombic to monoclinic 
phase transition could be studied by either inelastic neutron scattering or calorimetry. For 
example, heat capacity calorimetry measurements could be used to obtain the entropy of 
the transition and that, combined with scanning calorimetry to obtain the enthalpy of the 
phase transition, would allow us to compare the contribution of both entropic and 
enthalpic factors to the phase changes. Also, the dependence of the vibrational entropy on 
chemistry could be determined. From a proper DSC study, the order of the orthorhombic 
to monoclinic phase transition could be confirmed as well. For an even more complete 
picture, it would be of value to study the pressure-dependence of the vibrational entropy 
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of the different (orthorhombic and monoclinic) phases. The latter would require the use 
of high-pressure inelastic neutron diffraction methods or high-pressure heat capacity 
experiments. 
Valuable thermodynamic information could also be gained about the pressure-
amorphized phases using thermochemistry. The determination of the free energies and 
enthalpies of formation for amorphous ZrW2O8, ZrMo2O8 and A2M3O12-type compounds 
would complement our studies of the pressure-induced amorphization, as it would 
provide insight into the thermodynamics of the amorphization. For amorphous ZrW2O8 
and ZrMo2O8, we know that the amorphous phase can be recovered to ambient 
conditions. The above thermodynamic quantities could be determined using scanning 
calorimetry and drop solution calorimetry. The use of molten solvents would be 
necessary as these materials are only partially soluble in common acids or bases. The 
metastability of most cubic AM2O8 phases prohibits any experiment that requires 
equilibration of the sample at high temperature prior to the experiments. For these 
reasons, drop solution calorimetry should be the method of choice for these kinds of 
experiments. 
The questions regarding the existence of a crystalline to crystalline phase transition in 
ZrMo2O8 before the amorphization, as discussed in Chapter 4, could be addressed by 
another in-situ high-pressure XRD experiment, this time using a hydrostatic pressure-
transmitting medium such as nitrogen gas. 
In Chapter 7, we saw that the size of the substituting cations (unit cell size) in the 
(MIII0.5MV0.5)P2O7 compositions is an important controlling factor in the thermal 
expansion behavior of these materials. Particularly, our results on Y0.5Nb0.5P2O7 indicated 
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that by full substitution of Zr(IV) in ZrP2O7 by a combination of larger-sized cations, the 
thermal expansion may be lowered. Samples with bigger 3+ (and maybe 5+) cations such 
as lanthanide ions could be prepared. The coefficient of thermal expansion could be 
significantly lowered in those compositions relative to cubic ZrP2O7. In addition, 
differential scanning calorimetric measurements using better instrumentation under 
controlled conditions as well as careful electron diffraction studies could be helpful in 




APPENDIX A  
 
STRUCTURAL MODELS USED FOR THE ANALYSIS OF THE STRUCTURE 
OF A2M3O12 COMPOUNDS USING DIFFRACTION DATA 
 
 
For the Rietveld and Le Bail fitting of the x-ray and neutron diffraction data for 
Sc2W3O12 (see Tables 3.1, 3.2 and 3.3, respectively), for Sc2Mo3O12 (see Table 3.8) and 
for Al2W3O12 (see Table 3.9) in Chapter 3, two different structural models were used. As 
starting point for the orthorhombic model for all three compounds, the unit cell 
parameters and atomic coordinates reported by Abrahams and Bernstein1 were used. For 
fitting the data for the monoclinic forms of all three compounds, the structural model of 
Sc2Mo3O12 as reported by Evans and Mary2 was used as starting point. The unit cell 
parameters and atomic coordinates for both structural models as well as nearest-neighbor 
interatomic distances and bond angles for the orthorhombic structure are given in this 
Appendix in a tabulated form. 
 
A.1 Orthorhombic model 
 
Table A.1: Cell parameters for orthorhombic Sc2W3O12 at 298 K by Abrahams and 
Bernstein1 in space group Pnca. All angles are 90o. 
 
 a b c 




Table A.2: Fractional atomic coordinates for orthorhombic Sc2W3O12 at 298 K by 











Sc     0.46643(42)     0.38133(20)     0.25010(28) 
W1     0.2500     0.0000     0.47300(8) 
W2     0.11657(9)     0.35594(4)     0.39454(6) 
O1     0.0921(19)     0.1407(11)     0.0780(11) 
O2     0.1186(17)     0.0647(11)     0.3766(13) 
O3     0.0086(20)     0.2616(10)     0.3174(20) 
O4     0.3338(12)     0.4172(7)     0.0785(9) 
O5     0.0790(16)     0.3322(13)     0.3631(17) 
O6     0.3017(16)     0.3322(13)     0.3631(17) 
 
Table A.3: Nearest-neighbor interatomic distances in orthorhombic Sc2W3O12 at 298 
K by Abrahams and Bernstein1 in space group Pnca. Oxygen-oxygen 








    
2.053(15) 
W1-O4 1.695(9) Sc-O2 2.026(15) 
W2-O1 1.762(11) Sc-O3 2.051(13) 
W2-O3 1.787(15) Sc-O4 2.124(10) 
W2-O5 1.751(16) Sc-O5 2.103(16) 
W2-O6 1.829(16) Sc-O6 2.020(16) 
Sc-W1 3.710(3) O2-O4 2.777(20) 
Sc-W1 3.797(4) O2-O4 2.786(17) 
Sc-W2 3.643(4) O2-O4 2.830(17) 
Sc-W2 3.737(3) O2-O3 2.885(22) 
Sc-W2 3.846(3) O2-O5 2.920(22) 
O1-O6 2.865(24) O2-O2 3.055(32) 
O1-O6 2.890(24) O3-O5 2.885(23) 
O1-O5 2.902(20) O3-O6 2.907(25) 
O1-O3 2.903(21) O3-O6 2.998(24) 
O1-O3 2.913(21) O3-O4 3.078(19) 
O1-O5 2.957(23) O4-O4 2.731(18) 
O1O2 3.026(17) O4-O5 2.836(19) 









Table A.4: Tetrahedral and octahedral bond angles in orthorhombic Sc2W3O12 at 298 











O2-W1-O4 106.50(7) O2-Sc-O3 90.10(7) 
O2-W1-O4 109.00(6) O2-Sc-O4 84.00(5) 
O4-W1-O4 107.40(5) O2-Sc-O5 90.00(7) 
O1-W2-O3 110.30(9) O3-Sc-O4 95.00(6) 
O1-W2-O5 111.40(8) O3-Sc-O6 91.20(8) 
O1-W2-O6 107.20(8) O4-Sc-O5 84.30(6) 
O3-W2-O5 109.30(9) O4-Sc-O6 90.80(5) 
O1-W2-O6 112.00(8) O5-Sc-O6 88.70(8) 
O5-W2-O6 106.50(8) O1-Sc-O4 175.00(5) 
O1-Sc-O2 95.80(6) O2-Sc-O6 174.70(6) 








A.2 Monoclinic model 
Table A.5: Unit cell parameters for monoclinic Sc2Mo3O12 at 50 K by Evans and 
Mary2 in space group P21/a. Angles α and γ  are 90o. 
 
 a (Å) b (Å) c (Å) β (o) 









Table A.6: Fractional atomic coordinates for monoclinic Sc2Mo3O12 at 50 K by Evans 






          x 
 
          y 
 
          z 
Mo1 -0.00572(22) 0.24647(34) 0.48730(17) 
O11 -0.0720(7) 0.3827(10) 0.4120(5) 
O12 0.0491(6) 0.1391(10) 0.4498(6) 
O13 0.0917(7) 0.3157(9) 0.5897(5) 
O14 -0.0887)7) 0.1513(9) 0.4979(6) 
Mo2 0.35949(22) 0.12616(33) 0.13478(16) 
O21 0.4807(7) 0.0879(9) 0.1628(6) 
O22 0.3307(8) 0.2982(10) 0.0968(6) 
O23 0.2715(7) 0.0076(9) 0.0521(6) 
O24 0.3587(7) 0.1080(10) 0.2279(6) 
Mo3 0.13997(20) 0.11233(33) 0.25461(15) 
O31 0.1215(7) 0.1011(9) 0.3378(6) 
O32 0.2304(6) -0.0089(9) 0.2738(6) 
O33 0.0276(7) 0.0750(9) 0.1553(6) 
O34 0.1797(7) 0.2793(9) 0.2510(5) 
Mo4 0.15002)22) 0.61710(35) 0.38255(16) 
O41 0.2478(7) 0.5345(9) 0.4814(5) 
O42 0.1616(7) 0.5686(9) 0.2997(6) 
O43 0.0298(7) 0.5638(9) 0.3566(6) 
O44 0.1623(8) 0.7969(10) 0.3937(6) 
Mo5 0.35246(20) 0.62609(31) 0.21615(15) 
O51 0.4619(7) 0.5742(9) 0.3121(5) 
O52 0.3618(7) 0.5992(10) 0.1292(6) 
O53 0.2481(7) 0.5308(10) 0.1972(6) 
O54 0.3380(7) 0.8050(10) 0.2246(5) 
Mo6 0.00274(22) 0.74472(34) 0.010909(17) 
O61 0.0509(7) 0.6568(9) 0.1156(6) 
O62 0.1044(7) 0.8120(10) 0.0189(6) 
O63 -0.0684(7) 0.6304(9) -0.0700(6) 
O64 -0.0741(6) 0.8846(10) 0.0099(6) 
Sc1 0.3789(5) 0.9675(7) 0.31727(39) 
Sc2 0.3718(4) 0.4590)6) 0.04934(35) 
Sc3 0.1201(5) 0.4694(7) 0.18618(39) 
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